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ABSTRACT
Edwardsiella ictaluri is the causative agent of enteric septicemia of catfish (ESC), which is 
the most serious disease affecting the channel catfish industry. Killed vaccines have been 
inconsistent in providing protection against ESC, and no live attenuated vaccines have been 
described. The purpose of this study was to develop a nutritionally attenuated mutant strain of E. 
ictaluri and evaluate its virulence and vaccine efficacy. An E. ictaluri genomic library was 
constructed, and a clone containing the purA gene was isolated and sequenced. The E. ictaluri 
purA gene was found to have several features in common with the E. coli purA gene, and overall 
sequence identity with the E. coli purA gene was 79.3% at the nucleotide level and 85.7% at the 
amino acid level. The cloned E. ictaluri purA gene was mutated by deleting a 598 base pair 
segment of the gene and cloning a gene conferring resistance to kanamycin into this site. The 
&purA::Kmr gene was subcloned into the suicide plasmid pGP704, and the resulting plasmid was 
used to deliver the modified gene into a virulent strain of E. ictaluri by conjugation. Homologous 
recombination replaced the chromosomal purA gene with the mutated gene to create an adenine 
auxotrophic strain, which was designated LSU-E2. LSU-E2 was characterized phenotypically 
and genotypically and evaluated in channel catfish. Compared to wild-type E. ictaluri LSU-E2 
was highly attenuated by the injection, immersion, and oral routes of exposure. By the injection 
route LSU-E2 had an LDjq that was greater than five log10 higher than the LDjq for wild-type E. 
ictaluri. hi a tissue persistence study, LSU-E2 was able to invade channel catfish by the 
immersion route and persist in internal organs for 2 days. The gills appeared to be a more 
important route of entry than the intestine for E. ictaluri following immersion exposure. Finally, 
the effectiveness of LSU-E2 as a live attenuated vaccine was evaluated. Channel catfish that 
were vaccinated with a single dose of LSU-E2 by immersion had significantly lower mortalities 
following a wild-type E. ictaluri challenge than non-vaccinated fish.
x




The farming of channel catfish has become a major industry in the southern United 
States, and farmers have been faced with increasing losses due to disease as the industry has 
grown. Edwardsiella ictaluri, the causative agent of enteric septicemia of channel catfish (ESC), 
has become the most important pathogen of channel catfish (MacMillan 1985). It was first 
described in 1979 after being isolated from moribund channel catfish from farms in Georgia and 
Alabama (Hawke 1979), and has since been reported in every state that produces channel catfish 
(Thune et al. 1993a). In data compiled from aquatic animal diagnostic laboratories in Alabama, 
Arkansas, Kentucky, Louisiana, Missouri, and Mississippi the percentage of cases in which E. 
ictaluri was isolated increased from 0% in 1977 to 15.0% in 1984, and to 31.1% in 1986 (data 
compiled by A. Mitchell at the Fish Farming Experimental Laboratory, Stuttgart, Arkansas). In 
1994 E. ictaluri was isolated from 38.0% of the cases from these six states, the highest 
percentage of any single etiology. Edwardsiella ictaluri has also been isolated from natural 
outbreaks in other species of fish, including white catfish (Ictalurus catus), brown bullhead 
(Ictalurus nebulosus), green knife fish (Eigemannia virescens), danio (Danio devario), rosy 
barbs (Puntius conchonius), and walking catfish (Clarius batrachus) (Thune et al. 1993a). 
Physical characteristics and growth
Edwardsiella ictaluri is a small Gram-negative rod in the family Enterobacteriaceae. At 
25 °C it is weakly motile with peritrichous flagella, and it is cytochrome oxidase negative.
Optimal growth is between 25 and 30 °C (Hawke 1979) and at a NaCl concentration below 0.5% 
(Plumb and Vinitnantharat 1989). Growth is slow on plating media; 48 hours are required to 
form 2 mm colonies on blood agar plates at 30 °C (Hawke 1979). Like the two other species in 
the genus Edwardsiella, E. ictaluri is a facultative anaerobe that lacks the ability to ferment most
1
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carbohydrates (Fanner and McWhorter 1984). Biochemically E. ictaluri is largely unreactive and 
similar to E. tarda, although it is distinguishable from E. tarda by being negative for H2S, indole, 
motility at 37 °C, and gas from glucose at 37 °C (Hawke 1979).
A defined minimal medium has been developed that supports growth of E. ictaluri in 
broth and on agarose plates (Collins and Thune 1996). Variation was seen in the amino acid 
requirements of different E. ictaluri strains, but all strains tested did not require any purine or 
pyrimidine supplementation for growth. Different strains were uniform in their vitamin and 
mineral requirements; pantothenic acid and niacinamide were the only required vitamins, and 
magnesium was the only mineral requirement for maximum growth. Optimal pH in this medium 
was 7.0.
Few species of Enterobacteriaceae cause disease in fish. Edwardsiella tarda is the 
causative agent of emphysematous putrefactive disease in channel catfish, and it is also 
pathogenic for other fish species (as well as being an opportunistic human pathogen). The other 
Edwardsiella species, E. hoshinae, has been isolated from birds, reptiles, and water (Farmer and 
McWhorter 1984). The only other well known fish pathogen in the family Enterobacteriaceae is 
Yersinia ruckeri, which causes enteric redmouth disease in salmonids.
The genus Edwardsiella is approximately 20% related to the other genuses in the 
Enterobacteriaceae (Brenner 1984). DNA hybridization studies conducted by Hawke et al.
(1981) showed that E. ictaluri is most closely related to E. tarda (relative binding ratio of 56- 
60% at 60 °C), and it has a relative binding ratio of 31% to E. coli at 60 °C. Two isolates of 
Enterobacter agglomerans had relative binding ratios of 2 40% with E. ictaluri at 60 °C, while 
Proteus vulgaris had the lowest relative binding ratio with E. ictaluri at 6%. The GC content of 
E. ictaluri was 53 mol% as determined by buoyant density centrifugation (Hawke et al. 1981).
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Strain variability
Biochemical. Hawke (1979) found in his early studies that E. ictaluri from different 
geographical regions were biochemically consistent This work was later confirmed by Waltman 
et al. (1986), who found consistent biochemical profiles in 119 isolates cultured over a 7 year 
period from Alabama, Georgia, Mississippi, and other areas. Plumb and Vinitnantharat (1989) 
also found little biochemical variation among 40 different isolates of the bacterium.
Edwardsiella ictaluri from other species of fish are also biochemically similar to each other and 
to channel catfish isolates (Humphrey et al. 1986; Kasomchandra et al. 1986).
Plasmids. Newton et al. (1988) compared 55 E. ictaluri isolates from channel catfish in 
nine different states and found the plasmid profiles were all identical. Plasmid profiles of 36 
different E. ictaluri isolates from channel catfish in Alabama and Mississippi were also all 
identical (Lobb and Rhoades 1987; Speyerer and Boyle 1987). All three of these studies found 
two plasmids in E. ictaluri, which Newton et al. (1988) sized at 3.2 and 3.7 megadaltons. 
Speyerer and Boyle (1987) sized the two plasmids at 4.4 and 5.2 kilobases, while Lobb and 
Rhoades (1987) sized them at 4.9 and 5.7 kilobases. Restriction mapping and DNA 
hybridization confirmed the two plasmids were the same in all isolates (Lobb and Rhoades 1987; 
Speyerer and Boyle 1987). Edwardsiella ictaluri from other species of fish had variable plasmid 
profiles (Newton et al. 1988; Reid and Boyle 1989; Lobb et al. 1993), but hybridization studies 
showed that most isolates from other species had plasmids that were homologous to the two 
plasmids present in channel catfish isolates (Reid and Boyle 1989; Lobb et al. 1993).
Protein profiles. Newton et al. (1990) found that 28 different £  ictaluri channel catfish 
isolates had similar outer membrane protein (OMP) profiles. One “major” protein with an 
apparent molecular mass of 35 kilodaltons was present in all, and nine “minor” proteins were 
present with minor variations in quantities between isolates. Two isolates from other fish species 
had different OMP profiles than the channel catfish isolates in this same study. Considerable
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structural homogeneity was found in soluble whole cell protein sonicates from 32 E. ictaluri 
isolates using sodium-dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Bertolini 
et al. 1990). This study included channel catfish isolates as well as two non-channel catfish 
isolates.
Lipopolysaccharide (LPS). The lipopolysaccharide of £  ictaluri was first classified as 
rough by Weete et al. (1988) using ATCC 33202. When£. ictaluri LPS was characterized by 
other investigators, however, they found that all but one isolate was smooth (Nomura and Aoki 
1984; Bertolini et al. 1990; Newton and Triche 1993a). Bertolini et al. (1990) compared 32 E. 
ictaluri isolates by SDS-PAGE, and Newton and Triche (1993a) compared 40 isolates by SDS- 
PAGE. Both found close structural homology in the LPS composition with some minor 
differences.
Serologic. Different investigators have all concluded that channel catfish isolates of E. 
ictaluri appear to be serologically similar. Plumb and Klesius (1988) found similar banding 
patterns on Western blots of whole cell antigen preparations from 14 different E. ictaluri isolates 
using pooled serum from infected catfish. Plumb and Vinitnantharat (1989) performed 
microagglutination titers on 40 different £. ictaluri isolates using £  /cto/ar/-specific rabbit 
antisera and could not differentiate them into serologic groupings. Bertolini et al. (1990) 
compared 32 isolates of £. ictaluri and concluded they were all composed of a single serotype. 
They performed microagglutination titers of the bacterial whole cell antigens with rabbit antisera 
against £. ictaluri, and they also performed Western blots of whole cell lysates using rabbit 
antisera. Newton and Triche (1993a) probed LPS in SDS-PAGE gels with rabbit anti-£. ictaluri 
serum and found a high degree of antigenic similarity as well.
There is some disagreement about the serologic homogeneity of non-channel catfish 
isolates. In microagglutination assays, Kasomchandra et al. (1986) and Plumb and 
Vinitnantharat (1989) found some differences between a channel catfish and a walking catfish
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isolate. Kasomchandra et al. (1986) suggested they might be separate serotypes, but Plumb and 
Vinitnantharat (1989) could not separate them serologically. Bertolini et al. (1990) also detected 
some differences between a channel catfish and a green knife fish isolate, but concluded they were 
the same serotype. Lobb et al. (1993), however, used murine polyclonal antisera against both 
channel catfish and green knife fish isolates in agglutination and fluorescent-antibody reactions to 
show that the two were serologically distinct 
Disease
Optimal water conditions. Studies have shown that the optimal temperature range for 
experimental ESC infections by both injection and immersion routes of exposure is 22-28 °C 
(Francis-Floyd et al. 1987; Baxa-Antonio et al. 1992). Natural outbreaks typically occur in the 
spring and early fall when water temperatures are in this range (Francis-Floyd et al. 1987); 90.7% 
of all diagnosed ESC cases at the Mississippi Cooperative Extension Service occurred from May- 
June and September-November (Freund et al. 1990). It was also shown that experimental ESC 
infection occurs at 100 mg/1 NaCl concentration or less, but not at 1000 mg/1 or greater (Plumb 
and Shoemaker 1995).
Clinical signs and pathology. Two forms of ESC have been described: an acute 
gastrointestinal septicemia and a chronic form. The acute form of the disease causes signs typical 
of bacterial septicemia and rapid mortality (Shotts et al. 1985). Outbreaks in commercial catfish 
ponds can inflict heavy losses within a few days, and epidemics may occur with little or no 
warning to the farmer (Thune 1993). Behavioral signs that may be seen include reduced feeding 
activity, swimming listlessly or hanging vertically at the surface, spiraling, or spinning in circles 
(Jarboe et al. 1984; Blazer et al. 1985). Often, however, the first sign noticed by the farmer in an 
acute outbreak is mortalities. Typical external lesions include white punctate spots 1-10 mm in 
diameter, slightly raised circular lesions, petechial hemorrhages, swollen abdomen, slight 
exophthalmia, or pale and swollen gills (Thune et al. 1993a). Internal lesions include clear yellow
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or hemorrhagic ascites, petechial hemorrhages on the liver, intestine, abdominal serosa, and 
mesentery, macropapular white or red spots on the liver, a dark red and edematous spleen, and 
hypertrophied kidney (Thune et al. 1993a).
The chronic form of the disease is characterized by slower progression and a “hole-in- 
the-head” lesion that may remain localized or progress to septicemia and death (Miyazaki and 
Plumb 1985; Shotts et al. 1985). Fish can manifest chronic signs up to 3 to 4 weeks after an 
acute outbreak (Newton et al. 1989). An open lesion located caudomedially on the frontal bones 
of the skull may be seen, and infected lesions may extend from the olfactory sac to the olfactory 
lobe, meninges, and surrounding adipose tissue (Miyazaki and Plumb 1985).
Fingerlings are the most susceptible to ESC, and the most serious losses to the farmer 
often occur when fingerlings are exposed to the disease in the fall of their first year (Thune 1993). 
The only treatments currently available are oxytetracycline in a sinking pellet and 
sulfadimethoxine/ormetoprim in a floating pellet (Thune 1993). Early treatment is critical to 
effective control because of the rapid spread and anorexia associated with the disease.
Transmission. Horizontal transmission of E. ictaluri by contact from live infected fish 
to uninfected fish was demonstrated by Shotts et al. (1985), who infected channel catfish 
fingerlings by oral intubation and placed them in the same tank with uninfected fish at 26 °C. The 
orally exposed fish cultured positive from the internal organs 2 days post-exposure and had a 
57% mortality rate, while the contact fish did not culture positive until 16 days post-exposure and 
had a 2.5% mortality rate. Horizontal transmission from channel catfish that died from ESC to 
uninfected fish was also shown (Klesius 1994). Thirty out of 65 catfish held in tanks with dead 
infected fish became infected with E. ictaluri and died in this study, and nine out of 25 of the 
survivors cultured positive for E. ictaluri. Cannibalism was observed, and the author suggested 
that consumption of dead infected fish by uninfected fish may be important in the spread of ESC 
in natural outbreaks. Vertical transmission of E. ictaluri has not been determined, although
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infected channel catfish have cultured positive from the gonads (Mqolomba and Plumb 1992a; 
Mqolomba and Plumb 1992b). Factors implicated in the spread of E. ictaluri from pond to pond 
or farm to farm include movement of farm equipment and nets, transfer of fish, and biological 
vectors such as piscivorous birds or other aquatic species (Taylor 1992).
Reservoir of infection. Persistence of E. ictaluri in the environment at first did not 
seem likely because it was determined by Hawke (1979) that E. ictaluri can survive in the water 
for only 8 days. However, Plumb and Quinlan (1986) later showed that it can survive for 45-95 
days when inoculated in sterile pond mud in the lab. This suggests that pond mud may serve as a 
reservoir for E. ictaluri, and that it could be a source of infection once the water temperature 
enters the 22-28 °C range.
Another possible reservoir fori?, ictaluri is carrier fish. Edwardsiella ictaluri was 
isolated from experimentally infected channel catfish after extended periods of time in two 
studies. Using a selective enrichment culture procedure, Klesius (1992b) isolated E. ictaluri from 
the trunk kidneys of channel catfish held at 20-23 °C more than 270 days after a “natural 
exposure.” The fish had been treated with Romet-30 (sulfadimethoxine and ormetoprim) after 
the exposure and had no mortalities from ESC, but the exact date and route of exposure was not 
given. Mqolomba and Plumb (1992b) exposed channel catfish to E. ictaluri by immersion at 
25 °C and recovered greater than 104 cfii/g tissue from multiple organs of survivors at 65 days 
post-exposure. No mortality data was given for this study.
Not all experimental ESC infections persist for these long lengths of time. In an oral 
exposure experiment, Shotts et al. (1985) could not detect any E. ictaluri in the brain, kidney, 
liver, or gut of channel catfish at 35 days post-exposure. Antonio and Hedrick (1994) showed 
that unstressed channel catfish that were immersion exposed to E. ictaluri were culture negative 
at 4 months post-exposure. However, they were able to isolate the bacteria 4 months post- 
exposure from six of 20 fish that had been injected with corticosteroid 2 weeks previously.
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Therefore, it appears that the ability of E. ictaluri to persist in channel catfish following 
experimental exposure is variable and dependent on several different factors, including the 
relative health of the fish in the experiment, the route of exposure used, and the particular strain 
of E. ictaluri used. The use of enrichment procedures similar to those used by Klesius (1992b) 
may also allow detection of E. ictaluri for longer periods of time.
The presence of a true asymptomatic carrier state with fecal shedding has not been 
demonstrated (Thune et al. 1993a), but Plumb and Shoemaker (1995) were able to induce an 
experimental outbreak of ESC in channel catfish with a “latent” infection of is. ictaluri by raising 
the water temperature from 15 °C to 25 °C. Prior to elevating the temperature one out of ten total 
fish cultured positive for E. ictaluri, and the investigators noted occasional moribund individuals 
with “minimal signs of ESC.” After the temperature was elevated 77% of the fish died from ESC 
(there were additional mortalities from other bacterial etiologies as well). The “latent” infection, 
however, was not well described in this study. It is not known how long these fish were in the 
“latent” carrier state because the date and route of exposure was not given, and no mortality data 
was given for the period prior to temperature elevation. In a similar experiment, Baxa-Antonio et 
al. (1992) were unable to induce ESC in channel catfish that were immersion exposed at 15 °C,
20 °C, 30 °C, and 35 °C by switching the temperature to 25 °C after 60 days. However, the 
investigators did not evaluate the initial infections in this study, so it is possible that infections 
were not established because temperatures were outside of the optimal ESC range.
Effect of stress on ESC. Several investigators have studied the effects of stress on the 
outcome of experimental ESC infections in channel catfish. Wise et al. (1993) showed that stress 
induced by confinement significantly increased mortality following immersion exposure to E. 
ictaluri. Ciembor et al. (1995) stressed channel catfish by handling and transfer immediately 
prior to immersion challenge with E. ictaluri and showed that stressed fish had a cumulative 
infection rate of 52.7% after 3 weeks compared to 15.7% in unstressed fish. Stressed fish also
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cultured positive earlier than unstressed fish. Antonio and Hedrick (1994) showed that channel 
catfish injected with corticosteroid were more susceptible to an E. ictaluri immersion exposure 2 
weeks later.
Pathogenesis
Route of entry. Early studies investigating the pathology of ESC gave conflicting 
evidence for the route of entry of E. ictaluri in channel catfish. Miyazaki and Plumb (1985) 
proposed the olfactory sac as the route of entry after they observed hole-in-the-head lesions and 
histological lesions extending from the olfactory sac to the olfactory lobe in five moribund fish 
collected from farms with natural infections of ESC. Gross and histological signs of systemic 
infection were observed in four of the five fish as well, but no lesions were found in the intestines 
or gills of any of the fish. By contrast, an earlier study investigating the pathology of ESC in a 
natural outbreak found gill and intestinal lesions as well as systemic signs in 14 moribund fish, 
but no hole-in-the-head lesions (Jarboe et al. 1984). Areechon and Plumb (1983) only saw 
lesions in the liver, spleen, kidneys, and gills and failed to find head lesions or intestinal lesions 
when they infected channel catfish by intraperitoneal (IP) injection.
An explanation for the differing lesions seen in these studies was provided by further 
investigations that followed the progression of pathology during ESC infection. Blazer et al. 
(1985) followed the pathology of a natural ESC outbreak in channel catfish over several weeks 
and proposed that both the olfactory sac and the intestine could be used as routes of entry for E. 
ictaluri in channel catfish. They observed systemic lesions and lesions in the intestine during the 
first 2 weeks of the outbreak, but no head lesions were observed except for some fish that had 
histologic evidence of inflammation in the olfactory sac. hi the third week, however, many fish 
had hole-in-the-head lesions and histologic pathology extending to the olfactory lobe. Shotts et 
al. (1985) followed the pathology of experimental ESC in channel catfish fingerlings following 
infusion of a large dose (5 x 109 cfu) of E. ictaluri into the stomach. By 7 days post-exposure
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proliferative enteritis and early signs of systemic infection were evident in the liver, and by 14 
days there were gross signs of systemic infection. No head lesions were apparent A second 
group of uninfected contact fish, held in the tanks with the orally exposed fish, did not show 
lesions until 16 days post-exposure. Histologic lesions in the intestine, liver, and olfactory sac 
were evident in these fish, and some developed hole-in-the-head lesions and inflammation 
extending to the olfactory lobe after 27 days post-exposure. Shotts et al. concluded that £  
ictaluri uses the intestine as the route of entry in the acute form of ESC and the olfactory sac in 
the chronic form. Newton et al. (1989) arrived at the same conclusion following a study in which 
channel catfish fingerlings were experimentally infected by immersion. The first microscopic 
lesions evident in this study were infiltrates of macrophages into the submucosas of the anterior 
intestine and the olfactory sac beginning at 2 days post-exposure. Ninety-three percent of the 
mortalities showed signs of acute ESC, and most of these died in the first 14 days. Seven percent 
of the mortalities showed signs of chronic ESC and died between 24 and 30 days post-exposure.
Baldwin and Newton (1993) confirmed that the channel catfish intestine could be used as 
a route of entry for £  ictaluri by infusing a large dose (10® cfii) of bacteria into the stomach and 
following the infection with light and electron microscopy and culturing of selected tissues. 
Bacteria were observed along the brush border in the intestine, and £  ictaluri was cultured from 
the trunk kidney within 15 minutes post-exposure. Based on the rapid transit time of £  ictaluri 
from the intestine to trunk kidney, the authors proposed a penetration and transcytosis mechanism 
similar to that used by Yersinia spp. However, bacteria were not observed crossing the intestine 
at any time. Morrison and Plumb (1994) studied the olfactory sac as a route of entry using light 
and electron microscopy. After infusing £. ictaluri directly into the olfactory sac, they observed 
bacteria on the epithelial surface, damage to the mucosal surface, and phagocytosed bacteria, but 
they did not culture £. ictaluri from the brain or other organs.
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A recent study also implicated the gills as a route of entry for E. ictaluri in channel 
catfish. Nusbaum and Morrison (1996) exposed channel catfish fingerlings to radiolabeled E. 
ictaluri by immersion and saw a rapid accumulation of radiolabel on the gills at 2 hours post­
exposure. Radiolabel persisted on the gills through the 72 hours of the study. Counts were also 
high in the liver, but counts in the brain and gut appeared later and disappeared by 20 hours and 
10 hours post-exposure respectively.
Dissemination. Although it was shown that£  ictaluri disseminates rapidly (Baldwin 
and Newton 1993), the mechanism of dissemination is not known. Edwardsiella ictaluri is 
resistant to the alternative complement pathway (Ourth and Bachinski 1987b), so dissemination 
as free bacteria in the blood is a possibility. Dissemination within phagocytes is another 
possibility that was first suggested by observational evidence from several pathology studies. 
Shotts et al. (1985) found macrophages with phagocytosed bacteria in the brain, kidney, liver, and 
gut in their study. Miyazaki and Plumb (1985) also observed E. ictaluri within phagocytes, and 
some of the phagocytosed bacteria appeared to be in binary division. Baldwin and Newton
(1993) observed phagocytosed E. ictaluri in the gut, liver, spleen, head kidney, and trunk kidney. 
Phagocytes with bacteria first appeared in the gut at 24 hours post-exposure and appeared in the 
other tissues at 48 hours post-exposure. The number of phagocytes with E. ictaluri increased in 
all tissues until 96 hours post-exposure, and numbers of bacteria per phagocyte also increased 
through the study. Some of the phagocytosed bacteria were apposed end to end and incompletely 
separated, suggesting the bacteria were in binary division. Morrison and Plumb (1994) observed 
phagocytosed E. ictaluri in the olfactory tissue, hnmunogold labeling showed that the outer 
membranes of the bacteria were intact, indicating the cells were viable.
In vitro investigations using channel catfish neutrophils and macrophages have 
confirmed that E. ictaluri is capable of intracellular survival and replication. Ainsworth and 
Dexiang (1990) showed that E. ictaluri is phagocytosed by channel catfish neutrophils, and
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Waterstrat et al. (1991) showed that intracellular £  ictaluri are capable of surviving in catfish 
neutrophils for 180 minutes. However, channel catfish neutrophils were capable of extracellular 
killing when they were incubated with a rough strain of £. ictaluri (ATCC 33202) in the presence 
of 10% catfish serum (Waterstrat et al. 1991). Collins et al. (1994) showed that £. ictaluri is 
also capable of surviving and replicating in primary channel catfish macrophages in vitro.
Tissues affected. Tissue distribution and persistence of£. ictaluri during ESC seems to 
vary with the route of exposure. The early tissue distribution of E  ictaluri in ESC was 
investigated by Baldwin and Newton (1993), who quantified bacteria in the liver, trunk kidney, 
stomach, and intestine following oral exposure. They found that trunk kidneys cultured positive 
as early as 15 minutes post-exposure, with some livers culturing positive at 30 minutes post­
exposure. Kidney had higher numbers than liver throughout the study. Numbers began 
increasing at 24 hours post-exposure until they reached 107 cfu/g in the kidney and 10s cfu/g in 
the liver at 4 days post-exposure. Numbers in the stomach and intestine persisted in the range of 
104-105 cfu/g through 4 days post-exposure. A different distribution was seen by Nusbaum and 
Morrison (1996), who measured the distribution of radiolabeled E  ictaluri in several tissues 
following immersion exposure at 20 °C. The highest counts were in the liver and gills in this 
study, with radiolabel persisting to 72 hours post-exposure. Trunk kidney was positive at lower 
counts from 3 hours to 20 hours post-exposure, gut was positive from 3 hours to 10 hours post­
exposure, and brain was only positive from 10 to 20 hours post-exposure. Nares were negative. 
Multiplication of E. ictaluri was not expected in this study because water temperature was below' 
the optimal range for ESC. Areechon and Plumb (1983) followed the distribution of £. ictaluri 
over a longer period of time (6 days) after infecting channel catfish by IP injection. They found 
that E. ictaluri numbers peaked at 4 days post-exposure with greater than 108 cfu/g tissue in the 
spleen and greater than 107 cfu/g tissue in the trunk kidney and liver. Numbers declined at 6 days 
post-exposure.
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Because E. ictaluri lacks significant proteolytic or cytolytic activity, it was suggested 
that most of the tissue damage in fish with ESC is a result of the inflammatory response (Thune et 
al. 1993a). Tissue damage is most consistent and severe in the hepatopancreas and consists of 
multifocal degeneration and necrosis with varying degrees of leucocytic infiltration (Jarboe et al. 
1984; Blazer et al. 1985; Miyazaki and Plumb 1985; Shotts et al. 1985; Newton et al. 1989). 
Leucocytic infiltration with phagocytosed bacteria is also a consistent finding in the spleen, trunk 
kidney, and head kidney. Damage in these tissues is not as consistent or severe as liver damage, 
however, and ranges from congestion to diffuse necrosis (Jarboe et al. 1984; Miyazaki and Plumb 
1985; Shotts et al. 1985; Newton et al. 1989). Leucocytic infiltration with phagocytosed bacteria 
is also common in the intestine. In addition, edema and chronic inflammation in the submucosa 
and diffuse necrosis of the intestine were described (Jarboe et al. 1984; Blazer et al. 1985; Shotts 
et al. 1985; Newton et al. 1989). Olfactory sacculitis is another common finding, with 
inflammation and necrosis sometimes extending to the olfactory lobe and/or the meninges (Blazer 
et al. 1985; Miyazaki and Plumb 1985; Shotts et al. 1985; Newton et al. 1989). Other lesions 
sometimes seen include myositis (especially in the jaw) (Blazer et al. 1985; Shotts et al. 1985), 
multifocal skin necrosis (Jarboe et al. 1984; Newton et al. 1989), and gill proliferation (Jarboe et 
al. 1984).
Virulence factors
Enzyme activity. Of 100 E. ictaluri isolates tested by Waltman et al. (1986) for the 
ability to degrade chondroitin sulfate, 100 were positive. Because chondroitin sulfate is a major 
component of cartilage, it was proposed by Shotts et al. (1985) that chondroitinase activity is 
important in the formation of the hole-in-the-head lesion seen in chronic ESC. Stanley et al.
(1994) later correlated chondroitinase activity with virulence by showing greater enzyme activity 
in virulent strains than avirulent strains. No other extracellular enzymes or toxins have been 
identified in E. ictaluri (Waltman et al. 1986; Thune et al. 1993a).
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Waltman et al. (1986) also showed that 97% of 105 strains of £. ictaluri tested were 
hemolytic. Hemolysis was typically a narrow zone adjacent to colonies, which suggested a cell- 
associated hemolysin. Subsequently, Janda et al. (1991b) failed to detect hemolytic activity when 
five strains of £  ictaluri were tested for lysis of sheep red blood cells, possibly because the assay 
was performed at 35 °C. Stanley et al. (1994) detected lysis of sheep red blood cells at 26 °C, but 
no clear relation between hemolytic activity and virulence was demonstrated.
Iron metabolism. Siderophore activity was not detected in five strains of £. ictaluri that 
were tested in one study (Janda et al. 1991b), indicating that £. ictaluri probably utilizes a 
different strategy for iron uptake in the host. Other strategies utilized by bacterial pathogens 
include obtaining iron from host heme (including the abilities to lyse erythrocytes, digest 
hemoglobin, and bind and assimilate porphyrin), binding and releasing iron directly from host 
transferrin or lactoferrin, or obtaining iron from host intracellular pools (Weinberg 1995).
Motility. Peritrichous flagella and motility at 25 °C were first described by Hawke 
(1979). Flagella of £. ictaluri were characterized by Newton and Triche (1993b), who showed 
that flagellin from 10 different isolates consisted of 38 and 42 kilodalton proteins. Motility of£. 
ictaluri has not been correlated with virulence.
Polysaccharide coat Lipopolysaccharide of £. ictaluri was classified as smooth type 
by several investigators (Nomura and Aoki 1984; Bertolini et al. 1990; Newton and Triche 
1993a). One notable exception is rough type strain ATCC 33202 (Weete et al. 1988), which is 
avirulent (L. A. Collins, unpublished results). Using transmission electron microscopy (TEM) 
Stanley et al. (1994) described a distinct continuous polysaccharide layer outside the outer 
membrane of virulent £. ictaluri strains. This layer was classified as a capsule and was absent 
from avirulent strains. The polysaccharide coat of £. ictaluri is high in sialic acid, which may be 
important in resistance to the alternative complement pathway and accounts for the resistance of 
£. ictaluri to normal catfish serum (Ourth and Bachinski 1987b). When£. ictaluri was treated
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with neuraminidase, which removes sialic acid from bacteria by enzyme hydrolysis, it became 
more susceptible to the bactericidal activity of serum. Reger et al. (1993) showed that £  ictaluri 
is also resistant to 20% human serum.
Outer membrane proteins (OMP). Newton et al. (1990) identified one major and nine 
minor OMPs in £. ictaluri. Stanley et al. (1994) later compared Congo red binding of virulent 
and avirulent strains of £. ictaluri and found a positive correlation between the amount of bound 
Congo red dye and virulence. Congo red is a dye that binds protein. In another study congo red 
binding was not detected in five strains of£. ictaluri (Janda et al. 1991b).
Attachment. The mechanism by which £. ictaluri attaches to mucosal surfaces of 
channel catfish is undetermined. Wong et al. (1989) detected hemagglutinin activity in three out 
of four isolates tested, with one strain possessing mannose-sensitive hemagglutinin activity 
(MSHA) for guinea pig erythrocytes, one strain possessing mannose-resistant hemagglutinin 
activity (MRHA) for snake erythrocytes, and the other strain possessing both MSHA and MRHA 
for several species of erythrocytes. Shearing failed to reduce hemagglutinin activity for all 
strains, and no fimbriae could be detected with TEM. The investigators concluded that 
nonfimbrial proteinaceous adhesins were responsible for the hemagglutinin activity. A lack of 
fimbriae is supported by the data of Baldwin and Newton (1993), who used TEM to demonstrate 
attachment of £  ictaluri to the brush border of enterocytes without visible fimbriae. Both 
Stanley et al. (1994) and Morrison and Plumb (1994), however, were able to visualize fimbriae­
like structures using TEM.
Intracellular survival. Janda et al. (1991a) found that £. ictaluri was unable to 
penetrate HEp-2 cells, which does not rule out the possibility that £  ictaluri binds a fish-specific 
receptor. Phagocytosed £  ictaluri have been observed in channel catfish macrophages by several 
investigators (Miyazaki and Plumb 1985; Shotts et al. 1985; Baldwin and Newton 1993; 
Morrison and Plumb 1994). In two studies the phagocytosed bacteria in some macrophages
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appeared to be in binary division (Miyazaki and Plumb 1985; Baldwin and Newton 1993), and 
immunogold labeling was used in another study to demonstrate the outer membranes of the 
phagocytosed bacteria were intact (Morrison and Plumb 1994). Subsequently, Collins et al.
(1994) showed that E. ictaluri is capable of survival and replication in channel catfish 
macrophages. The virulence factors responsible for this capability have yet to be classified. 
Possibilities include the expression of genes that would allow entry into the cells, genes that 
would allow survival of lysosomal killing (escape from the phagosome, prevention of phagosome- 
lysosome fusion, or survival of lysosomal conditions), genes involved in obtaining nutrients and 
replicating in the intracellular environment, and genes that would allow release from the cells 
(Moulder 1985).
Plasmids. Two plasmids are present in all channel catfish isolates of E  ictaluri studied 
(Lobb and Rhoades 1987; Speyerer and Boyle 1987; Newton et al. 1988). Because of this 
consistency it was suggested that they may encode virulence factors or other factors essential for 
bacterial growth (Reid and Boyle 1989). Lobb et al. (1993) suggested tha t£  ictaluri plasmids 
may mediate 0  antigen structure because an E. ictaluri isolate from the green knife fish was 
shown to have a different serotype and a different plasmid profile than channel catfish isolates.
Antibiotic resistance. In addition to the two constantly expressed plasmids, a 55 
ldlobase plasmid was isolated and characterized from antibiotic resistant strains of E. ictaluri 
(Starliper et al. 1993). This plasmid is similar to an R plasmid isolated from Tribrissen-resistant
E. coli and confers resistance to potentiated sulfonamides, tetracycline, oxytetracycline, and 
streptomycin (Cooper et al. 1993; Starliper et al. 1993). The plasmid was successfully 
transferred from E. ictaluri to E. coli by conjugation, and the E  coli R plasmid was also 
transferred from E. coli into E. ictaluri (Cooper et al. 1993; Starliper et al. 1993).
Antibiotic susceptibility testing has shown that E  ictaluri is sensitive to most antibiotics, 
including penicillin, but it is resistant to colistin (Farmer and McWhorter 1984). This is in
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contrast to most other species of Enterobacteriaceae, which are resistant to penicillin and sensitive 
to colistin. Colistin has been used in a selective media developed for E. ictaluri (Shotts and 
Waltman 1990). Waltman and Shotts (1986) tested 118 isolates of E  ictaluri from different 
geographical areas over 7 years for antimicrobial sensitivities and found th a t£  ictaluri exhibits a 
homogenous antimicrobial sensitivity pattern: resistance to colistin sulfate, sulfadiazine, triple 
sulfonamides, lincomycin, clindamycin, cloxacillin, and bacitracin, and sensitivity to the 
aminoglycosides, cephalosporins, “newer” penicillins, quinolones, tetracyclines, nitrofurantoin, 
and potentiated sulfonamides. Reger et al. (1993) tested ten strains of E. ictaluri for resistance to 
different antibiotics and found they were susceptible to P-lactam antibiotics, two quinolones, 
gentamycin, and doxycycline.
Bacterial Nutrition and Virulence
A successful bacterial pathogen must be able to either synthesize or salvage all of the 
nutrients required for in vivo growth, proliferation, and production of required virulence factors.
It is more efficient for bacteria to salvage amino acids, nucleotides, and vitamins from the 
environment than it is to synthesize them de novo. The energy conserved from shutting down 
biosynthesis allows bacteria growing in the presence of these nutrients to grow and replicate at a 
faster rate (Neidhardt et al. 1990). This holds true for bacterial pathogens in the host 
environment as well. In fact, the bacteria's veiy survival in the host often depends on its ability to 
proliferate faster than the host immune system can destroy i t  Therefore, the availability of 
nutrients in the host environment and the competition between host and pathogen for these 
nutrients have a profound effect on the outcome of a bacterial infection.
Early studies
The first group of investigators to study nutritional attenuation of a bacterial pathogen 
was G. A. Bacon, T. W. Burrows, and M. Yates (1950a and 1950b). In a landmark study, these 
investigators recognized that the outcome of infection in a particular host with a specific pathogen
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is dependent on a number of variable factors, and that altering the pathogen's ability to synthesize 
nutritional factors would have an effect on the host-parasite relationship. Using UV irradiation 
and nitrogen mustard mutagenesis, several auxotrophic mutants of a virulent strain of Bacterium 
typhosum (Salmonella typhi) were isolated. Characterization of these auxotrophic strains 
revealed fifteen phenotypes requiring amino acids, five requiring vitamins, and four requiring 
purine/pyrimidines.
To evaluate virulence, the auxotrophic mutants and wild-type strain were injected IP in 
mice. Most of the amino acid auxotrophs, vitamin auxotrophs, and the pyrimidine auxotroph 
retained full virulence compared to the wild-type. Three auxotrophic phenotypes were identified 
with consistently reduced virulence: aspartic acid requirers, para-amino benzoate (PAB) 
requirers, and purine requirers. When the wild-type strain was assigned a relative virulence of 1, 
the aspartic acid auxotrophs had a relative virulence of 0.1 and the PAB auxotroph also had a 
relative virulence of 0.1. Of the purine auxotrophs, those that grew with supplementation of any 
purine had relative virulences of 0.005 to 0.03, and a strain that grew only with supplementation 
of guanine or xanthine had a relative virulence of 0.03.
Based on the findings of Bacon et al. (1950a and 1950b), E. D. Garber (1956) developed 
a nutrition-inhibition hypothesis of pathogenicity. In this hypothesis, Garber described two 
environments in the host which directly affect the fate of a potential pathogen. The first is the 
host nutritional environment: a successful bacterial pathogen must be capable of growth and 
proliferation in the host, so it must be capable of satisfying all its nutritional requirements from 
host tissues. The second environment is the inhibitory environment of the host: a potential 
pathogen must be capable of overcoming the humoral and cellular defense mechanisms of the 
host Either an inadequate host nutritional environment or an effective host inhibitory 
environment can prevent a bacterial pathogen from causing disease; therefore, only an adequate 
nutrition-ineffective inhibitory environment results in bacterial virulence.
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The availability of nutrients in host tissues
Nutrients not present in vertebrate tissues. Some nutrients required for bacterial 
proliferation are not normal metabolites of vertebrate hosts and are not present at all in host 
tissues. Para-amino benzoate (PAB), a required precursor for folate synthesis, and 2,3- 
dihydroxybenzoate (DHB), essential for the synthesis of enterochelin in £  coli, both fit this 
category (Hoiseth and Stocker 1981). Neither folate nor enterochelin are synthesized by 
vertebrates. Many of the components of the bacterial cell wall and outer membrane are also 
unique to bacteria and must be synthesized de novo.
Intracellular nutrient availability. Some host locations are more permissive for 
growth than others. For example, the intracellular environment may be more permissive in 
nutrient availability than the extracellular environment (Marquis et al. 1993). This is evidenced 
by the complex growth requirements of bacterial pathogens that are adapted to intracellular 
growth. Listeria monocytogenes (Premaratne et al. 1991) and Legionella pneumophila (Mintz 
et al. 1988) are both intracellular pathogens that have complex growth requirements. Although 
the primary advantage of intracellular growth for these pathogens is to escape the host immune 
system, the additional availability of nutrients allows greater opportunity for salvage of 
preformed nutrients.
The chlamydiae and rickettsiae are also good examples of pathogens that are well 
adapted to the intracellular environment Both have complex growth requirements and can only 
be cultured inside host cells (Moulder 1984; Weiss and Moulder 1984). In fact, the chlamydiae 
are so well adapted to the intracellular environment that they are apparently in the process of 
evolving or obtaining a suitable transport system for salvage of preformed folate (Fan et al.
1992). Few other species of bacteria have a transport system for folate and depend on de novo 
synthesis to meet their folate needs (Green et al. 1996). However, chlamydiae have the ability to 
both transport folate and synthesize folate de novo, with different strains varying in their
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dependence on folate salvage. For example, most strains of Chlamydia psittaci satisfy their 
folate requirement entirely by salvaging from host tissues, while C. psittaci 6BC depends on de 
novo synthesis (Fan et al. 1992).
The location within the cell is also important, with the cytoplasm being more permissive 
for growth than the phagosome. Falkow et al. (1992) listed three reasons for a lack of bacterial 
growth in a phagolysosome, including inhibitory factors such as acidic pH, the presence of 
lysosomal enzymes, and the limited availability of nutrients. Escape from the host phagosome to 
the cytoplasm is critical to the ability of some pathogens to replicate intracellularly. Listeria 
monocytogenes and Shigella flexneri are two examples. Both utilize hemolysins to exit the 
phagosome and enter the host cell cytoplasm (Sansonetti et al. 1986; Portnoy et al. 1988). In 
fact, even bacteria that are not adapted for intracellular growth are capable of intracellular growth 
if they escape the phagosome. For example, Bacillus subtilis is able to lyse the host phagosome 
and replicate in the cell cytoplasm if it is engineered to express listeriolysin O or perfringolysin 0  
(Bielecki et al. 1990; Portnoy et al. 1992). Escherichia coli strain 395-1 is able to escape the 
phagosome and replicate well in the cytoplasm when expressing the Shigella flexneri virulence 
plasmid pWR-100 (Sansonetti et al. 1986).
Bacteria that replicate in the phagosome, including Legionella pneumophila and the 
chlamydiae (Horwitz and Silverstein 1980; Moulder 1991), modify the host vacuole extensively. 
The phagosome surrounding Legionella pneumophila in macrophages becomes lined with 
ribosomes before bacterial replication begins (Horwitz 1983). The phagocytic membrane 
surrounding the chlamydiae is modified by the insertion of new membrane proteins, and 
chlamydial reticulate bodies also appear to be directly connected to the host cytoplasm by surface 
projections (Moulder 1991). Both of these bacterial species have extensive growth requirements, 
indicating that these modifications of the host vacuole are probably important for obtaining
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required nutrients. In particular, intracellular replication of Legionella pneumophila is dependent 
on cytoplasmic iron (Byrd and Horwitz 1989).
Competition between host and bacteria. Some bacterial nutrients are present in host 
tissues only in restricted amounts, causing bacterial pathogens to compete with the host for 
nutrient uptake. For example, iron is essential for both the bacteria and the host, and often a 
bacterial infection results in a struggle between the bacteria's attempts to sequester iron and the 
host's ability to restrict iron availability (Weinberg 1974). Some intracellular pathogens compete 
with host cells for amino acid uptake. Hatch (1975) found that Chlamydia psittaci required 
about the same intracellular levels of isoleucine to replicate as the host L cells. When isoleucine 
levels were too low for the host cells to replicate, C. psittaci also failed to replicate unless host 
protein synthesis was blocked by cycloheximide. Austin and Winkler (1988) discovered a similar 
relationship between Rickettsia prowazekii and host CHO-K1 cells in competing for proline: 
rickettsiae and the host cells both required similar levels of proline for growth. However, 
Rickettsia prowazekii could not compete as well for serine or glycine (Austin et al. 1987). When 
host Vero cells were forced to synthesize serine and glycine de novo by failure to supplement 
serine and glycine in the growth medium, rickettsia were not able to replicate. The host Veto cells 
were able to synthesize sufficient intracellular serine and glycine to support their own growth, but 
not enough to support rickettsial growth. When serine and glycine were supplemented in the 
medium and higher intracellular pools were maintained in the host cells, the rickettsiae were able 
to replicate.
Bacterial Auxotrophs In  Vivo
An auxotrophic strain of a bacterial pathogen must obtain the nutrient(s) they are unable 
to synthesize by salvaging them from the host tissue. An auxotrophic strain that is unable to 
salvage the required nutrient(s) is attenuated. This section summarizes some of the studies 
conducted to investigate the relationship between auxotrophic bacterial pathogens and the host.
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Four auxotrophic phenotypes are reviewed: amino acid requirers, PAB requirers, thymine 
requirers, and purine requirers.
Amino acid auxotrophs
The virulence of amino acid auxotrophs seems to depend on the individual host/pathogen 
relationship. None of the amino acid auxotrophic phenotypes tested have caused consistent 
attenuation in different bacterial species. For example, Bacon et al. (1950a and 1950b) tested 
several amino acid auxotrophs and found that three aspartic acid auxotrophic strains of 
Salmonella typhi were consistently attenuated. However, Herzberg (1962) later isolated seven 
strains of Salmonella typhimurium that required aspartic acid, and only three were attenuated in 
mice.
Other amino acid auxotrophic phenotypes are inconsistent in causing attenuation as well. 
In addition to aspartic acid auxotrophs, Bacon et al. (1950b) found that leucine auxotrophs, 
histidine auxotrophs, and glycine auxotrophs were all slightly less virulent than wild-type S. 
typhi. Ten other amino acid auxotrophs, including mutants that required methionine, cysteine, 
arginine, proline, lysine, valine, isoleucine, threonine, phenylalanine, and tyrosine, had no change 
in virulence. Herzberg (1962) found that six of six cysteine auxotrophs, two of two methionine 
auxotrophs, five of nine histidine auxotrophs, and 11 of 16 glutamine auxotrophs had reduced 
virulence. Eight other amino acid auxotrophic phenotypes, including mutants requiring arginine, 
leucine, isoleucine, valine, proline, threonine, tryptophan, and tyrosine, had no reduction in 
virulence. Garber et al. (1952) saw no reduction in virulence in strains of Klebsiella pneumoniae 
that required threonine, tyrosine, methionine, leucine, or histidine. Gowen et al. (1953) tested 
several auxotrophic phenotypes of Salmonella typhimurium for virulence in mice and found a 
great deal of variation between strains, even when they had the same auxotrophic requirement(s). 
In fact, Gowen et al. concluded that “the particular character on which the mutant was separated 
is generally not the primary' cause of the virulence change,” but rather some other change
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accompanying the shift in nutritional requirements) for each auxotroph was the cause. Much of 
the variation in these early studies was probably caused by the methods used to create the 
mutants: either irradiation or exposure to a mutagen. Both of these methods produce random 
point mutations. Some of these auxotrophs probably had mutations in other genes that affected 
their virulence, and others may have reverted in vivo because of the relatively high reversion 
frequency of point mutations.
The development of transposon mutagenesis has allowed the creation of defined and 
stable mutants, but even the transposon-generated amino acid auxotrophic phenotypes are 
inconsistent in causing attenuation. For example, two phenylalanine auxotrophs of Listeria 
monocytogenes were isolated in separate studies using transposon mutagenesis and evaluated for 
virulence by intravenous injection in mice (Alexander et al. 1993; Marquis et al. 1993).
Alexander et al. found the 50% effective dose (ED^) of the mutant strain to be 1.7 logI0 higher 
than the wild-type, and Marquis et al. found no difference in the 50% lethal dose (LD^) between 
the mutant strain and the wild-type. Other transposon-generated amino acid auxotrophs that were 
shown to be attenuated in mice include a threonine auxotrophic strain of Listeria monocytogenes 
(one logI0 difference in 50% lethal dose (LDjo)) (Marquis et al. 1993) and two histidine 
auxotrophic strains and one methionine auxotrophic strain of Salmonella typhimurium (Fields et 
al. 1986).
PAB auxotrophs
There is one amino acid auxotrophic phenotype that has been consistently attenuated in 
different bacterial pathogens: mutants that require all three aromatic amino acids. However, 
attenuation in this case may not be due to host limitation of the aromatic amino acids, but instead 
may be due to limitation of other metabolites in the same biosynthetic pathway.
The PAB auxotrophic phenotype was first identified as avirulent in Salmonella typhi by 
Bacon et al. (1950b). It was not until 1981, however, that Hoiseth and Stocker showed that an
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aroA mutant strain of Salmonella typhimurium was avirulent in mice and had good potential as a 
live vaccine. The aroA gene product catalyzes one of seven reactions involved in the biosynthesis 
of chorismate, which is a precursor not only for PAB, but also for the aromatic amino acids 
(phenylalanine, tryptophan, and tyrosine), 2,3-dihydroxybenzoate (DHB), ubiquinone, and 
menaquinone (Figure 1) (Pittard 1996).
Effect of PAB auxotrophy on different bacterial pathogens. Because of the interest 
in the development of live attenuated vaccines, defined mutants in the chorismate biosynthetic 
pathway have been constructed in several different bacterial species since Hoiseth and Stocker’s 
publication. These include several different Salmonella species in addition to S. typhimurium: S. 
dublin (Smith et al. 1984a; Segall and Lindberg 1991), S. choleraesuis (Nnalue and Stocker
1987), S', enteritidis (Cooper et al. 1992), S. gallinarum (Griffin and Barrow 1993), and S. typhi 
(Dougan et al. 1987). All were shown to be attenuated and were evaluated for use as vaccines. 
Other bacterial species in which aro mutants were constructed and shown to be attenuated include 
Shigella flexneri (Lindberg et al. 1988), Yersinia enterocolitica (Bowe et al. 1989; O'Gaora et 
al. 1989), Bordetellapertussis (Roberts et al. 1990), Aeromonas salmonicida (Vaughan et al. 
1993), Pasteurella multocida (Homchampa et al. 1992), Pasteurella haemolytica (Homchampa 
et al. 1994), and Neisseria gonorrhoeae (Chamberlain et al. 1993). In addition, transposon 
mutagenesis was used to construct aromatic amino acid auxotrophic mutants of Bacillus 
anthracis and Listeria monocytogenes that were attenuated in vivo (Ivins et al. 1990; Marquis et 
al. 1993). Neither was classified as a PAB auxotroph, but the mutations must have occurred in 
the common pathway for chorismate synthesis since all three aromatic amino acids were affected 
in these mutants. A transpositional mutant strain of Salmonella typhimurium that required all 
three amino acids also had diminished capacity to survive in macrophages in vitro and was 
attenuated in vivo (Fields et al. 1986).
































Figure 1. The chorismate biosynthetic pathway in E. coli [Pittard, 1996 #293]. Chorismate is a precursor for folate, enterochelin, ubiquinone, 





All of the Salmonella aro mutants were classified by the investigators as highly 
attenuated. The LD^ of aro mutant strains ranged from >106 times higher than the virulent 
parent strain in S. enteritidis and >105 times higher in S. typhimurium to >103 times higher in S. 
typhi (Hoiseth and Stocker 1981; Dougan et al. 1987; Cooper et al. 1992). Of the other bacterial 
species, aro mutants of Yersinia enterocolitica, Pasteurella multocida, Pasteurella 
haemolytica, and Bacillus anthracis were all classified as highly attenuated by the authors 
(determined by either clinical signs or mortalities) (Bowe et al. 1989; O'Gaora et al. 1989; Ivins 
etal. 1990; Homchampa et al. 1992; Homchampa et al. 1994). A Bordetella pertussis aro 
mutant was classified as highly attenuated for colonization of mouse lungs by aerosol exposure 
(Roberts et al. 1990). Aeromonas salmonicida and Shigella flexneri aro mutants were simply 
classified as attenuated (Lindberg et al. 1988; Vaughan et al. 1993). A Listeria monocytogenes 
aro mutant was only slightly attenuated compared to the virulent parent strain, with a difference 
of approximately 1.5 log10 in LD^ (Marquis et al. 1993). The variation in attenuation of the 
different aro mutants probably occurred because of differences in host/pathogen relationships and 
also because of variation in routes of exposure and methods of measuring virulence.
Basis for avirulence. Although the exact nutritional restriction in host tissues that 
causes attenuation of aro mutants is not known, evidence indicates that attenuation is not due to 
reduced synthesis of the individual aromatic amino acids. Mutant strains of Salmonella typhi 
defective for either tyrosine or phenylalanine synthesis are not attenuated, and neither are tyrosine 
auxotrophs of Klebsiella pneumoniae or tyrosine auxotrophs and tryptophan auxotrophs of 
Salmonella typhimurium (Bacon et al. 1950b; Garber et al. 1952; Herzberg 1962).
Chorismate is also a precursor in the synthesis of ubiquinone and menaquinone, which 
are electron transport compounds critical to energy metabolism in bacteria. Both are involved in 
oxidative phosphorylation, with ubiquinone being the predominate electron transport compound 
expressed at high oxygen tension, while menaquinone predominates at low oxygen tension (Poole
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and Ingledew 1987). It is unknown if the lack of synthesis of either compound contributes to the 
attenuation of aro mutants.
There is conflicting evidence on the importance of DHB synthesis in the attenuation of 
aro mutants. Hoiseth and Stocker (1981) showed that an aroA mutant strain of Salmonella 
typhimurium had its virulence restored when mice were given drinking water with DHB and PAB 
during an experimental infection. Mice given either compound alone showed no ill effects from 
the experimental infection. Dihydroxybenzoate is necessary for the synthesis of enterochelin, a 
phenolate siderophore (iron chelating compound) secreted in iron-poor growth conditions. As an 
exclusive bacterial metabolite, DHB is not present in vertebrate tissues, so aro mutants are 
probably deficient in enterochelin production in vivo (Hoiseth and Stocker 1981). Because 
enterochelin has been associated with virulence in S. typhimurium (Yancey et al. 1979), it is 
possible that aro mutants are attenuated due to loss of enterochelin production. Another study, 
however, showed that enterochelin may not be necessary for S. typhimurium virulence (Benjamin 
et al. 1985), and several enterobacteria were shown to synthesize another siderophore 
(hydroxamate type) called aerobactin that is expressed in vivo during infections (Griffiths et al. 
1988).
Hoiseth and Stocker (1981) gave preliminary evidence to indicate that the inability to 
synthesize PAB, a necessary precursor for folate synthesis, can contribute to the attenuation of 
aro mutants. There is also good circumstantial evidence to indicate the importance of PAB 
synthesis in virulence. Because most bacteria are unable to assimilate exogenous folate (Green et 
al. 1996), they must synthesize it from PAB. Vertebrates, on the other hand, are unable to 
synthesize folate, and consequently PAB is not found in vertebrate tissues (Hoiseth and Stocker 
1981). Therefore, unless bacterial pathogens can synthesize PAB de novo they are folate 
deficient in the host. The importance of folate synthesis by bacterial pathogens in vivo is 
evidenced by the effectiveness of the sulfonamide antibiotics, which act by blocking the synthesis
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of folate from PAB (Brown and Williamson 1987). Folate is necessary for the synthesis of 
dTMP, the purine ring, methionine, pantothenate, and fMet-tRNA, and is involved in glycine and 
serine synthesis and interconversion (Green et al. 1996). It is interesting to note that both purine 
and thymine auxotrophs are also attenuated in vivo, as discussed in the following sections. 
Thymine auxotrophs
Thymine auxotrophs are defective in the thyA gene, which encodes thymidylate synthase 
(Neuhard and Nygaard 1987). This enzyme catalyzes the transfer of a methylene group from 
5,10-methylenetetrahydrofolate to dUM? to form dihydrofolate and dTMP. Thymine auxotrophs 
attracted attention when it was discovered that they were resistant to trimethoprim, a 
dihydrofolate reductase inhibitor that was commonly used to treat bacterial infections (Barker et 
al. 1972; Andrew 1973; Okubadejo and Maskell 1973). Bacterial strains that can synthesize 
dTMP (thymine prototrophs) do not incorporate exogenous thymine into DNA (Neuhard and 
Nygaard 1987). Thymine auxotrophs, however, acquire the ability to utilize exogenous thymine, 
but not very effectively. This is the basis for the development of trimethoprim resistance. High 
concentrations of thymine are required to support normal growth of thymine auxotrophs.
Effect of thymine auxotrophy on bacterial pathogens. Because trimethoprim- 
resistant thymine auxotrophs were being isolated from some patients undergoing trimethoprim 
therapy (Barker et al. 1972; Okubadejo and Maskell 1973), Smith and Tucker (1976) decided to 
evaluate the virulence of thymine auxotrophs using four different Salmonella species. When 
given orally to 1-day-old chickens, thymine auxotrophs of S. typhimurium, S. dublin, S. 
choleraesuis, and S. gallinarum were all considerably attenuated. A S. gallinarum mutant was 
the most attenuated, causing 3% mortality compared to 100% for the parent wild-type.
Salmonella typhimurium mutants caused 0-5% mortality compared to 48-50% mortality for the 
parent strain. Thymine auxotrophs were also attenuated by subcutaneous injection in chickens (to 
a lesser extent than when given orally), and they did not persist in the digestive tract as long as the
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wild-type. Salmonella typhimurium and S. dublin thymine auxotrophs were also attenuated 
compared to parent strains when injected in mice, both causing one of five deaths compared to 
five of five for the wild-type.
Thymine auxotrophs were studied in a few other bacterial species because of the interest 
in development of live attenuated vaccines. A thymine auxotroph of S. choleraesuis had an LD^ 
that was >102 times higher than the parent strain (Nnalue and Stocker 1987). Thymine 
auxotrophs of Legionella pneumophila failed to grow in human monocytes in vitro, while the 
parent strain grew well (Mintz et al. 1988). A thymine auxotrophic strain of Shigella flexneri did 
not produce keratoconjunctivitis in guinea pigs, and was also attenuated when given orally to 
rabbits (no deaths out of 10 rabbits experimentally infected, compared to 20 deaths out of 32 for 
the wild-type) (Ahmed et al. 1990). In addition, Okada et al. (1991) identified Tn5 insertion 
mutants of Shigella flexneri that were negative for the Sereny test and defective for intercellular 
spread in an in vitro assay. One of the phenotypes isolated was a thymine auxotroph. A 
spontaneously derived thymine auxotroph of Vibrio cholerae colonized the intestine poorly and 
did not cause diarrhea in human volunteers (Levine et al. 1988). A later study, however, showed 
that thymine auxotrophy may not be the attenuating trait for this strain, and that defined thyA 
mutants of Vibrio cholerae had unimpaired intestinal colonization in an infant mouse cholera 
model (Attridge 1995).
Purine auxotrophs
Purine metabolism in bacteria. Products of the purine biosynthetic pathway, adenosine 
monophosphate (AMP) and guanosine monophosphate (GMP), are required for bacterial cell 
growth and proliferation. Bacteria possess both a de novo pathway for synthesis of purines and 
salvage pathways for utilization of preformed purines. The de novo pathway is well conserved in 
bacterial (and eukaryotic) species (Figure 2). In the common branch of the pathway there are 
eleven enzyme catalyzed reactions involved in the conversion of 5-phosphoribosyl-l-
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Figure 2. The purine biosynthetic and salvage pathways in E. coli [Zalkin, 1996 #292], Biosynthetic pathways are represented by solid lines, and 
salvage pathways are represented by dashed lines. Gene names arc indicated for the biosynthetic pathways only. A bacterial strain that has a 
mutation in either the pur A at purB gene is classified as an adenine auxotroph and requires adenine or adenosine supplementation for synthesis of 
AMP. PRPP * 5-phosphoribosyl-o-l -pyrophosphate; IMP = inosine monophosphate; AMP = adenosine monophosphate; XMP = xanthosine 
monophosphate; GMP = guanosine monophosphate.
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pyrophosphate (PRPP) to inosine monophosphate (IMP) (Zalkin and Nygaard 1996). The genes 
encoding these enzymes are purF, purD,purN, purT, purL, purM, purK, purE, purC, purB, and 
purH.
Inosine monophosphate is the precursor for both AMP and GMP (Zalkin and Nygaard 
1996). It is converted to GMP in two steps; the two genes encoding these enzymes are guaB and 
guaA. The guaB gene encodes IMP dehydrogenase, which oxidizes IMP to form xanthosine 
monophosphate (XMP). Xanthosine monophosphate is converted to GMP by the enzyme GMP 
synthetase, encoded by the guaA gene. Inosine monophosphate is also converted into AMP in 
two steps. Adenylosuccinate synthetase, encoded by the purA gene, catalyzes the aspartate- 
dependent amination of IMP to form succinyl-AMP. This reaction is driven by the hydrolysis of 
GTP to form GDP and inorganic phosphate: IMP + aspartate + GTP ^  succinyl-AMP + GDP + 
P£. Adenylosuccinate lyase, encoded by the purB gene, is a bifunctional enzyme. It catalyzes the 
removal of fiimarate from succinyl-AMP to form AMP, and it also catalyzes one of the reactions 
in the formation of IMP in the common branch of the pathway.
Substrate availability of GTP appears to play a role in regulating the enzyme 
adenylosuccinate synthetase, and ATP appears to have the same effect on the enzyme IMP 
dehydrogenase. This dual regulation helps maintain the cellular ATP/GTP ratio. There is no 
good evidence for allosteric binding by adenylosuccinate synthetase (Stayton et al. 1983). 
However, feedback inhibition plays a role in regulating the enzyme, with the products of the 
reaction as well as AMP, dAMP, GMP, and dGMP all being inhibitory.
The salvage pathways are more diverse, and bacterial species differ in their ability to 
utilize and interconvert preformed purines (Nygaard 1983). The salvage pathways for E  coli and 
Salmonella typhimurium are the most well known (Figure 2). Both species contain salvage 
enzymes that enable them to utilize preformed nucleobases and nucleosides in the growth medium 
for nucleotide synthesis. Nucleotides can only be transported across the bacterial membrane after
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they have been dephosphorylated to their corresponding nucleoside derivatives. Hypoxanthine, 
xanthine, adenine, guanine, inosine, adenosine, and guanosine can all be transported across the 
bacterial membrane and converted to IMP.
Purine auxotrophs that have a mutation in one of the genes in the common branch of the 
purine biosynthetic pathway (except the purB gene) are referred to as hypoxanthine auxotrophs. 
This type of auxotroph can grow with supplementation of any one of the preformed nucleobases 
or nucleosides because they can all be converted to IMP (Neuhard and Nygaard 1987). However, 
purine auxotrophs with a mutation in the guaA gene can grow only when supplemented with 
guanine or guanosine. Mutants in the guaB gene can grow with either guanine guanosine, or 
xanthine supplementation. Both guaB and guaA mutants are referred to as guanine auxotrophs. 
Purine auxotrophs with a mutation in either the pur A or purB gene are referred to as adenine 
auxotrophs and can grow only when adenine or adenosine is supplemented in the medium. 
Adenine is utilized by directly converting it to AMP, which can then be deaminated to IMP. Most 
of the salvaged adenosine, however, is deaminated to form inosine, while a small percentage 
undergoes phosphorolysis to form adenine. For this reason adenine auxotrophs have a much 
better growth yield on adenine than adenosine (Neuhard and Nygaard 1987).
Purine metabolism in vertebrates. The de novo biosynthesis of purines in vertebrates 
appears to occur in several tissues with no one tissue dominating (Harkness et al. 1983). 
Synthesized purines serve not only as the building blocks for DNA and RNA, but also as the 
energy currency for cells in the form of ATP. If ATP utilization exceeds production inside cells 
(i.e. during hypoxia), AMP accumulates and is degraded to inosine by one of two pathways 
(Figure 3). Inosine is further degraded in successive enzymatic reactions to hypoxanthine, 
xanthine, and uric acid. This pathway, leading to the formation of uric acid, is conserved among 
all vertebrates (Hayashi et al. 1989).












Figure 3. Pathway used for the degradation of AMP in vertebrates [Harkness, 1983 #185]. ATP 
= adenosine triphosphate; ADP = adenosine diphosphate; AMP= adenosine monophosphate; IMP 
= inosine monophosphate.
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Few studies have reported direct measurements of the available levels of nucleobases and 
nucleosides in mammals. Although the reported values varied, they showed that hypoxanthine is 
present in plasma of normal, resting individuals at greater levels than other purines and 
nucleosides (Harkness et al. 1983; Grum et al. 198S). Harkness et al. (1983), in fact, proposed 
that a “circulating hypoxanthine pool" is present in the plasma for the exchange of purines 
between host cells. Some of the hypoxanthine produced in host cells from turnover of ATP 
apparently “leaks” into the extracellular space (based on a human study), contributing to a pool of 
hypoxanthine in the plasma. Harkness et al. (1983) suggested that all tissues probably contribute 
to the pool, which is utilized by nucleotide-depleted tissues to salvage needed purines. Other 
purines and nucleosides are present in the circulation in lower concentrations. In particular, the 
concentration of adenine is immeasurably low in mammalian plasma, and adenosine is also 
extremely low (McFarland and Stocker 1987).
Under hypoxic conditions purine nucleotide degradation products accumulate in cells 
because of the buildup of AMP. These products, including adenosine, inosine, hypoxanthine, and 
xanthine, can cross cellular membranes and accumulate in plasma (Grum et al. 1985). However, 
human studies using critically ill patients, patients with anoxia, and exercised subjects showed 
that adenosine levels do not change significantly under these conditions (Saugstad and Gluck 
1982; Harkness et al. 1983; Grum et al. 1985). Hypoxanthine levels, however, increase 
dramatically, as well as xanthine and inosine levels in some patients.
In primates, purines are primarily excreted in the urine after they are converted to uric 
acid by a series of enzymatic reactions. Fish also convert purines to uric acid by the same 
pathway. However, teleost fish degrade uric acid further to form allantoate, which is their major 
excretion product Most other fish degrade allantoate even further to form urea and glyoxylate 
(Stryer 1988). The enzymes catalyzing these conversions are localized in liver peroxisomes of 
fish (Hayashi et al. 1989). The enzymes catalyzing the degradation of purines to form uric acid
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are located in the cytosol, similar to mammals. In fact, it was shown that cytosolic adenosine 
deaminase has a high activity in rainbow trout, which should maintain very low levels of 
adenosine in the tissue and blood (LeRay et al. 1979). In summary, although purines are excreted 
in a different form in fish, the reactions converting adenosine to uric acid are conserved. Since 
this is the part of the pathway that most affects adenosine availability, circulating pools of 
adenosine should not be very different from mammals.
Another aspect of purine metabolism in fish that differs from mammalian metabolism is 
the pathway for ammonia excretion. Mammals are ureotelic, eliminating nitrogen from amino 
acid degradation in the form of urea produced in the urea cycle. Fish, however, are ammonotelic, 
eliminating nitrogen in the form of ammonia. One of the proposed pathways for the production 
of ammonia in fishes is the purine nucleotide cycle (Waarde 1981). In this pathway AMP is 
deaminated to IMP by AMP deaminase, releasing free ammonia. Inosine monophosphate is then 
reaminated to form AMP using aspartate as a nitrogen donor (Mommsen and Hochachka 1988). 
The deamination reaction predominates, especially during exercise. The AMP produced by ATP 
consumption is rapidly deaminated, causing a buildup of IMP and ammonia in the tissues. In 
fish, the ammonia can be directly excreted. This cycle primarily occurs in the muscle tissue 
(Waarde 1981), where it also serves a second purpose of maintaining cellular energy charge at the 
proper level during exercise (Schulte et al. 1992). The purine nucleotide cycle also occurs in the 
muscle tissue of mammals, where its sole purpose is to maintain cellular energy charge. These 
reactions are mostly restricted to muscle tissue and probably do not affect systemic adenine or 
adenosine levels in fish, even though purines are involved, hi fact, the cycle maintains a constant 
level of AMP in the muscle and limits its availability, hi channel catfish an alternate ammonia 
excretion pathway via hepatic glutamate dehydrogenase was implicated to be more important than 
the purine nucleotide cycle (Casey et al. 1983).
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Effect of purine auxotrophy on different bacterial pathogens. The studies by Bacon 
et al. (1950a and 1950b) showed that purine auxotrophs of Salmonella typhi were consistently 
reduced in virulence in mice. Four of their purine auxotrophs grew with supplementation of any 
purine (hypoxanthine auxotrophs) and one grew with xanthine or guanine supplementation 
(guanine auxotroph). Until this study, the only recognized factor affecting the virulence of 
Salmonella typhi was Vi antigen content Shortly thereafter, Formal et al. (1954) confirmed 
these results when they showed that a naturally occurring mutant of Salmonella typhi isolated 
from a typhoid carrier was a purine auxotroph. Garber et al. (1952) was the first group to 
perform a study similar to Bacon et al. (1950a and 1950b) comparing the virulence of amino acid, 
vitamin, and nucleic acid auxotrophs. They found that both adenine auxotrophs and 
hypoxanthine auxotrophs of Klebsiella pneumoniae were consistently avirulent Gowen et al. 
(1953) also conducted a similar study using Salmonella typhimurium and found that only nine 
out of eleven of their purine requiring strains were attenuated. However, Fumess and Rowley 
(1956) later found that all three of the S. typhimurium adenine auxotrophs they tested were 
avirulent, with LD^ rates that were >10® times higher than the virulent strains. Herzberg (1962) 
also found that all six of the purine auxotrophs of S. typhimurium he tested were attenuated, and 
he pointed out that Gowen et al. did not check for in vivo reversion of their mutants. Herzberg 
did not classify the type of purine auxotrophs he isolated.
Purine auxotrophs of several other bacterial pathogens are also attenuated. Burrows and 
Bacon (1954) isolated a hypoxanthine auxotroph of Yersinia pestis that was avirulent for mice. 
Brubaker (1970) isolated mutants of Yersinia pestis that were defective for IMP synthesis and for 
GMP synthesis; he was unable to isolate adenine auxotrophs. He found that hypoxanthine 
auxotrophs retained considerable virulence (mutant LD^ >10' times higher than parent strain), 
and that guanine auxotrophs were completely avirulent (LD*, >10® times higher than parent 
strain). A hypoxanthine auxotroph of Pseudomonas pseudomallei was considerably reduced in
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virulence, with an increase in LDjq >104 times over the parent strain (Levine and Maurer 1958). 
Formal et al. (1960) found that a purine requiring strain of Vibrio cholerae was attenuated by IP 
injection in mice (LDM >102 times higher than parent strain), but it was not attenuated when given 
to guinea pigs by the oral route. However, Bhaskaran and Sinha (1967) later found that a purine 
auxotroph of V cholerae was highly attenuated in mice (LD*, increased by >10® times), and that 
it was also attenuated in oral exposures of adult and infant rabbits and in chick embryos. The 
strain used by Bhaskaran and Sinha had other nutritional requirements (nicotinic acid and serine) 
for use as markers to distinguish it from the wild-type in vaccine trials. Baselski et al. (1978) 
used a different approach to show that purine auxotrophs of V cholerae are attenuated in mice. 
After exposing the parent virulent strain to a mutagen, the resulting mutants were given orally to 
mice and evaluated for virulence. Two of the avirulent strains isolated were purine requirers, and 
no other nutritional mutants were isolated. Ivanovics et al. (1968) isolated hypoxanthine, 
guanine, and adenine auxotrophs of Bacillus anthracis. Only the adenine auxotrophs were 
avirulent by IP injection in mice; hypoxanthine and guanine auxotrophs were frilly virulent
One group of investigators found that purine auxotrophs of Shigella flexneri were not 
attenuated in the Sereny test (Formal et al. 1971). This test is used to measure the capability of <S. 
flexneri to penetrate the epithelial cells of the cornea and cause keratoconjunctivitis in guinea 
pigs. The mutants were created by mutagenesis with nitrosoguanidine. Some of the purine 
auxotrophs were classified as purE mutants (hypoxanthine auxotrophs), but the rest were 
unclassified. Whether the lack of attenuation was due to differences in the experimental model or 
due to differences in the host/pathogen relationship is unknown.
Defined purine mutant strains have been constructed in Salmonella typhimurium using 
transposon mutagenesis. O’Callaghan et al. (1988) found thatpurA mutant strains had LD^ 
values that were increased by >106 to >107 times over the virulent parent strains, and a purE 
mutant strain had an LD^ that was increased by >102 times. Fields et al. (1986) showed that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
38
purine auxotrophs of S', typhimurium were defective for survival in macrophages and were highly 
attenuated in vivo (LD^ increased > 105 times over the parent strain). Mutants defective in the 
guaA or the guaB gene were also considerably attenuated in the same study (LD^ increased by 
>104 times). In a similar study, purine auxotrophs were one of the auxotrophic phenotypes found 
to be defective for replication inside Madin-Darby canine kidney cells (Leung and Finlay 1991). 
Purine auxotrophs were the only auxotrophic phenotype in this study that were also attenuated in 
mice.
Defined mutations in the purine biosynthetic pathways have been transferred from S. 
typhimurium to other Salmonella species by transduction. A ApurDH mutant strain of S. 
choleraesuis (hypoxanthine auxotroph) (Nnalue and Stocker 1987) had an LDM that was 
increased >102 times over the parent strain. A Apur A  strain of S', dublin had reduced abilities to 
colonize, invade, and persist in the tissues of mice experimentally infected by the oral route 
(Sigwart et al. 1989). McFarland and Stocker (1987) conducted the most definitive study, 
comparing the virulence of mutants blocked in all three purine biosynthetic pathways using S. 
dublin and S. typhimurium. They constructed defined insertion/deletion mutants of both species 
in the hypoxanthine, guanine, and adenine pathways using P2 transduction and tested them for 
virulence in mice by IP injection. Their results showed that adenine auxotrophs of both species 
were completely avirulent, while guanine and hypoxanthine auxotrophs of S. dublin had only a 
slight reduction in virulence. Salmonella typhimurium guanine auxotrophs were intermediate for 
virulence and hypoxanthine auxotrophs only had a slight reduction in virulence.
Defined purine mutants have only been reported for two other species of bacterial 
pathogens. An adenine requiring mutant of Listeria monocytogenes was constructed by 
transposon mutagenesis and tested for virulence by intravenous injection in mice (Marquis et al.
1993). It had an LD^ that was increased about 1.5 log10 over the wild-type. A purE mutant of 
Brucella melitensis was constructed that was attenuated for growth in cultured human monocytes
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(Crawford et al. 1996). It also produced fewer clinical signs and did not persist as long as the 
virulent strain.
In summary, based on the results seen in Salmonella typhimurium, S. dublin, and 
Bacillus anthracis it appears that adenine auxotrophs are attenuated most consistently and to the 
highest degree compared to guanine and hypoxanthine auxotrophs (Furness and Rowley 1956; 
Ivanovics et al. 1968; McFarland and Stocker 1987; O'Callaghan et al. 1988). Guanine 
auxotrophs appear to be the next most attenuated, depending on the bacterial species. Guanine 
auxotrophs of Yersinia pestis were highly attenuated, while in Salmonella typhimurium they 
were intermediately attenuated and in S. dublin they were only slightly attenuated (Brubaker 
1970; Fields et al. 1986; McFarland and Stocker 1987). In Bacillus anthracis virulence was not 
lost (Ivanovics et al. 1968). Hypoxanthine auxotrophs are the least attenuated, but there is 
considerable variation. In Klebsiella pneumoniae they were highly attenuated and in 
Pseudomonas pseudomallei they were intermediately attenuated, while in the Salmonella species 
they were only slightly attenuated (Garber et al. 1952; Levine and Maurer 1958; McFarland and 
Stocker 1987; Nnalue and Stocker 1987; O'Callaghan et al. 1988). Hypoxanthine auxotrophs of 
Bacillus anthracis and Shigella flexneri retained full virulence (Ivanovics et al. 1968; Formal et 
al. 1971).
The basis for avirulence of purine auxotrophs. Early studies indicated that purine 
availability is limited in the extracellular environment of vertebrate hosts. Bacon, Burrows, and 
Yates (1951), in a follow-up investigation to their 1950 studies, reasoned that if  attenuation was 
due to extracellular limitation of a nutrient, injection of the limiting nutrient along with the 
auxotrophic strain into the infection site should restore virulence. When adenine was injected IP 
along with a hypoxanthine auxotroph of Salmonella typhi, virulence of the mutant strain was 
increased eight fold, but they were limited in the amount they could inject due to the toxicity of 
adenine. The lower toxicity of hypoxanthine allowed higher dosing, and following IP injection of
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this purine full virulence of the auxotroph was restored. The study by Garber et al. (1952) using 
Klebsiella pneumoniae backed up the extracellular limitation of purines. They found that adding 
peritoneal fluid from normal mice to the surface of minimal media plates supported growth of 
amino acid and pyrimidine auxotrophs, but not purine auxotrophs. In addition, virulence of a 
hypoxanthine auxotroph was restored by injecting purines into the peritoneal cavity of mice 
following experimental infection. Injection of hypoxanthine alone restored partial virulence, 
while injection of all four purines restored full virulence. Burrows and Bacon (1954) also 
restored the virulence of a hypoxanthine auxotroph of Yersinia pestis with a single injection of 
hypoxanthine.
Purine concentrations limit growth and replication of purine auxotrophs in the 
intracellular environment as well. Leung and Finlay (1991) showed that purine auxotrophs of 
Salmonella typhimurium were defective for replication in non-macrophage cell lines and were 
also avirulent in BALB/c mice. When adenine was supplemented in the tissue culture medium the 
purine auxotrophs replicated inside cells at rates similar to the wild-type strain. An adenine 
requiring strain of Listeria monocytogenes was able to grow intracellularly in J774 and Henle 
407 cells, but at a slower rate than the wild-type strain (Marquis et al. 1993).
In vitro studies using primary macrophages indicate that the ability of pathogens to 
survive in this hostile intracellular environment is an active process and that pathogens must be 
capable of purine synthesis. Fields et al. (1986) isolated mutant strains of Salmonella 
typhimurium that were defective in their ability to survive macrophage killing using primary 
macrophages from BALB/c mice. Four of these strains were purine auxotrophs. All four strains 
were avirulent following IP injection in BALB/c mice. Straley and Hannon (1984) obtained 
similar results in an assay evaluating survival of guanine auxotrophs of Yersinia pestis in primary 
mouse macrophages. Guanine auxotrophs failed to grow and declined in numbers fourfold over
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12 hours, whereas the wild-type was able to replicate intracellularly. When the tissue culture 
medium was supplemented with purines, the mutants survived and replicated.
The relative virulence of hypoxanthine, guanine, and adenine auxotrophs can be 
explained in part by the studies that have directly measured the amounts of purines present in 
mammalian tissues (reviewed earlier) (Harkness et al. 1983; Grum et al. 1985). Hypoxanthine is 
the most available purine in vivo, giving mutants blocked in the common pathway the best chance 
for survival. Guanine is present in lower levels, but apparently even low levels are sufficient for 
some guanine auxotrophs to maintain virulence. Adenosine is also present in low levels, and 
adenine levels are immeasurably low (McFarland and Stocker 1987).
There is another possible explanation for the relative avirulence of adenine auxotrophs 
compared to the other purine auxotrophs. Studies have shown that some bacteria defective in 
either thepurA orpurB gene are inefficient in salvaging adenosine to form AMP. In particular, 
Salmonella typhimurium adenine auxotrophs have a growth yield on adenosine that is only 10% 
of the growth yield on equimolar amounts of adenine (Hoffineyer and Neuhard 1971). The reason 
for the difference in growth yield is most likely linked to the fate of salvaged adenine and 
adenosine (Figure 2). In S. typhimurium and E. coli, adenine can be directly converted to AMP 
by adenine phosphoribosyl-transferase. Adenosine, however, can either be deaminated to inosine 
or undergo phosphorolysis to form adenine. Inosine is cleaved to form hypoxanthine, which a 
mutant in either the pur A or purB gene would be unable to utilize for AMP synthesis. Because 
the deamination reaction is known to be the predominant salvage reaction for adenosine, most 
assimilated adenosine in adenine auxotrophs is wastefully degraded (Nygaard 1983).
Wasteful deamination of salvaged adenosine also occurs in adenine auxotrophs of 
Bacillus anthracis (Ivanovics et al. 1968). In fact, Ivanovics et al. (1968) were unable to restore 
the virulence of an adenine auxotroph of B. anthracis even when concurrent injections of adenine 
were given at near-toxic doses. They concluded that adenine auxotrophy may cause loss of
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virulence due to some mechanism other than non-availability of adenine. In a follow-up study 
they were able to show that adenosine deaminase was active in the adenine auxotrophic strains 
(Molnar and Pragai 1973a). They also showed that B. anthracis adenine auxotrophs had de­
repressed alkaline phosphatase synthesis due to changes in the adenine nucleotide pool (Molnar 
and Pragai 1973b). The resulting accumulation of alkaline phosphatase in the periplasmic space 
of auxotrophic bacteria caused injury to the cell wall, which Molnar and Pragai (1973b) 
suggested may decrease bacterial resistance to the host immune system.
In summary, adenine auxotrophs are faced with several problems in the host. First, 
adenine is not available for salvaging because it is present in very low concentrations. Second, 
the adenine nucleotides must be dephosphorylated to adenosine before they can be transported. 
Finally, adenosine is available in low levels, but in some bacterial pathogens the majority of it is 
wasted by the deamination reaction.
The Immune Response to Edwardsiella ictaluri 
The immune system of fish
The purpose of this section is to provide a brief overview of the fish immune system.
This field is much too extensive to cover in detail, so only major points will be discussed using 
the mammalian immune system as a comparison. Emphasis will be placed on the channel catfish 
immune system when possible.
Non-specific resistance. Fish skin is composed of an outer epidermis and inner dermis, 
similar to mammals. The intact skin layer in fish is critical not only in providing a physical 
barrier to infection, but also in maintaining osmotic integrity (Ellis 198 lb). The epidermal layer 
differs from mammalian skin in that there is no comified layer and it contains mucus producing 
cells (Bond 1979). Fish without scales, such as channel catfish, may have thicker skin than scaled 
fish and typically produce copious amounts of mucus (Bond 1979; Alexander and Ingram 1992). 
Besides its role as a physical barrier to infection, skin mucus of fish contains lysozyme,
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proteolytic enzymes, C-reactive protein, and immunoglobulin (Alexander and Ingram 1992). 
Channel catfish exposed by both IP injection and bath immersion secrete specific IgM in the skin 
mucus (Ourth 1980; Lobb 1987). The rate of mucus secretion by fish can be increased during 
infection (Ellis 1981b).
Transferrin, an iron chelator compound found in mammalian serum, has been identified 
in fish and its role in disease resistance was studied in carp (Cyprinus carpio), coho salmon 
(<Oncorhynchus kisutch), and rainbow trout (Oncorhynchus mykiss) (Alexander and Ingram
1992). Results on its importance in disease resistance in fish were contradictory. C-reactive 
protein, a mammalian acute phase protein, has been identified in several fish species (Pepys et al. 
1978; Ramos and Smith 1978). Lectins from the serum, mucus, and eggs of several fish species 
have been isolated and characterized (Alexander and Ingram 1992). Lysozyme has been found in 
most tissues and secretions of fish, especially in the kidney, gastrointestinal tract, spleen, mucus, 
serum, and gills (Alexander and Ingram 1992). It has been identified in the skin mucus of 
channel catfish (Ourth 1980). Protease inhibitors, including a2-macroglobulin, have been 
identified in fish serum (Alexander and Ingram 1992). Type I interferon activity has been 
detected or deduced many times in fish, and it was isolated from rainbow trout after viral 
infections (Alexander and Ingram 1992). The type I interferons (a and P) in mammals inhibit 
viral replication.
The complement system in fish is comparable to that in mammals. Antibody-dependent 
complement-mediated lysis of cells via the classical complement pathway occurs in fish 
(Koppenheffer 1987). The classical pathway also causes cell lysis and is bactericidal in channel 
catfish (Ourth and Bachinski 1987a; Lobb and Hayman 1989). In addition, spontaneous lysis of 
bacteria via the alternative complement pathway has been demonstrated in channel catfish (Ourth 
and Wilson 1982; Ourth and Bachinski 1987a). The lethal activity of the alternative pathway in 
channel catfish serum against Gram-negative bacteria is functionally comparable to the
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mammalian alternative pathway, causing increased permeability of bacteria and lesions in the 
outer membranes (Jenkins and Ourth 1990). In addition, activation of the alternative pathway in 
channel catfish enhances attachment of bacteria to neutrophils and monocytes and enhances 
phagocytosis by neutrophils (Jenkins and Ourth 1993).
The fish equivalent to the mammalian natural killer (NK) cell is the nonspecific cytotoxic 
(NCC) cell (Evans and Jaso-Friedmann 1992). NCC cells have been identified in channel catfish 
that are functionally similar to NK cells. They have the ability to spontaneously lyse tumor cells 
and virus infected cells without prior immunization, they lack histocompatibility restriction for 
lysis, they have no anamnestic responses, and they can lyse xenogeneic target cells (Evans and 
Jaso-Friedmann 1992). There are also several differences between channel catfish NCC cells and 
NK cells. NCC cells are smaller than NK cells and they have a smaller, more pleiomorphic 
nucleus (Evans and Jaso-Friedmann 1992). They are also agranular. NCC cells are capable of 
more rapid killing than NK cells (Graves et al. 1984). However, NCC cells are relatively 
ineffective at recycling compared to NK cells (Evans et al. 1984b). NCC cells can lyse target 
cells at a wider temperature range than NK cells (Evans et al. 1984a), and they also appear to 
have a wider target cell specificity, including protozoans (Evans et al. 1984a; Graves et al. 1985). 
A putative antigen binding receptor has been identified on channel catfish NCC cells (Evans et al.
1988).
Phagocytosis. The two types of phagocytes in fish are the granulocytes and the 
mononuclear phagocytes (tissue macrophages and circulating monocytes), similar to mammals. 
There is a great deal of variation in types and nomenclature of granulocytes in different fish 
species (Ainsworth 1992). Channel catfish have one type, neutrophils, which are both phagocytic 
and bactericidal (Finco-Kent and Thune 1987; Ainsworth and Dexiang 1990). Fish macrophages 
perform the same tasks as mammalian macrophages, including phagocytosis, antigen processing, 
and cytokine secretion (Secombes and Fletcher 1992). Channel catfish macrophages can be
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separated from other leukocytes by adherence to Sephadex G10 or to baby hamster kidney cell 
microexudate-coated surfaces (Sizemore et al. 1984). Fish phagocytes are formed in the kidneys 
(especially anterior kidney) and spleen, which are the major hematopoietic organs in fish.
Phagocytosis in fish appears to proceed through the same series of steps that occurs in 
mammalian phagocytosis: chemotaxis, adherence, ingestion, and destruction of the pathogen or 
material (Ainsworth 1992). Several eicosanoids are chemoattractive to phagocytes in different 
species of fish, and the complement component C5a has also been implicated as a 
chemoattractant (Ainsworth 1992). Ainsworth (1992) stated that his laboratory has had “limited 
success obtaining consistent results for chemotaxis of channel catfish neutrophils using various 
techniques”.
Although antibodies, complement components, and C-reactive protein are all opsonic in 
fish, receptors on fish phagocytes are not well characterized. There is evidence that salmon 
macrophages possess receptors that bind human C3b and C3bi, but other studies with various 
fish species have only suggested phagocyte receptors for complement components and antibody' 
(Secombes and Fletcher 1992). The alternative complement pathway and normal catfish serum 
both increase phagocytosis o f£  ictaluri by channel catfish phagocytes (Jenkins and Ourth
1993).
Fish phagocytes contain several enzymes, suggestive of the ability to kill anaerobically 
(Secombes and Fletcher 1992). Aerobic killing by production of oxygen free radicals is also well 
established in fish phagocytes (Secombes and Fletcher 1992). A putative oxidase present in fish 
phagocytes has many similarities to mammalian NADPH oxidase, generation of superoxide 
radicals and their derivatives has been shown, and there is also evidence for the presence of the 
myeloperoxidase-H20 2-halide system in fish neutrophils.
Respiratory burst is stimulated in fish phagocytes by zymosan, bacteria, and parasite 
extracts. Chemiluminescence is used as a measure of respiratory burst in channel catfish
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phagocytes and is induced by both zymosan and bacteria such as E. ictaluri (Scott and Klesius 
1981; Scott et al. 1985; Waterstrat et al. 1991). Opsonization of zymosan with unheated catfish 
serum enhances chemiluminescence in channel catfish phagocytes (Scott and Klesius 1981), and 
the chemiluminescent response to E. ictaluri is enhanced by the presence of immune serum (Scott 
et al. 1985; Waterstrat et al. 1991). Edwardsiella ictaluri also stimulates release of HjOj and 0 2 
from channel catfish neutrophils (Dexiang and Ainsworth 1991). Killing of E. ictaluri and other 
bacteria by channel catfish neutrophils requires the presence of serum (Ainsworth and Dexiang
1990).
Antibody. Immunization of fish stimulates a specific antibody response with 
measurable affinity for the antigen. Fish immunoglobulin has many of the same biological 
properties as mammalian antibody, including agglutination and precipitation of antigen, 
complement fixation, opsonization, and induction of cell mediated cytotoxicity (Secombes and 
Fletcher 1992; Wilson and Warr 1992). However, fish antibody responses are generally 
considered to have a significantly lower diversity of binding sites than mammalian antibody 
responses (Wilson and Warr 1992). As in mammals, fish produce circulating antibodies in the 
serum and secreted antibodies in the bile and mucus.
Antibody in fish has an "IgM-like" structure (Wilson and Warr 1992). As in mammals, 
the basic structural unit of fish antibodies is pjLj, which is the monomeric form containing two 
antigen binding sites. Mammalian IgM is a pentamer, containing ten heavy and ten light chains, 
hi teleost fish it is a tetramer containing eight heavy and eight light chains Although fish
p chains only have about 20-30% identity with mammalian IgM at the amino acid level, fish IgM 
has many structural similarities with mammalian IgM (Wilson and Warr 1992). They are both 
circularly polymerized molecules with binding site "arms" that point outward, and they have 
similar sizes. The heavy chains also have similar sizes, and both heavy chains have a high 
proportion of carbohydrate.
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Some properties of mammalian IgM are not well characterized in fish antibodies. The 
repeating monomeric structural units of mammalian IgM are connected by additional peptides 
known as J chains. Although J chains have been identified in some fish, their existence in 
antibody of other fish is controversial. The existence of heavy chain isotypes in fish is also still 
controversial, although there is good evidence for light chain isotypes in several fish species 
(Wilson and Warr 1992). Low molecular weight monomeric antibodies have been reported in 
some teleost species, but their significance and whether they represent separate isotypes is not 
known.
Channel catfish antibody has the typical ( p c o n fo r m a t i o n ,  but there is apparent 
heterogeneity in the pattern of covalent bonding (Lobb and Clem 1983). In the presence of 
denaturing agents channel catfish antibody dissociates into eight distinct molecular species 
representing (pL),^. The significance of this phenomenon is not known. Proteolytic digestion of 
channel catfish immunoglobulin with trypsin yields a fragment pattern similar to that of 
mammalian IgM, with apparent Fab fragments that are able to bind ligands (van Ginkel et al.
1991). Digestion with pepsin, however, reveals differences between fish and mammalian IgM 
because a different banding pattern is seen. Size heterogeneity was detected in channel catfish 
light chains by Lobb and Clem (1983), and monoclonal antibodies were used to distinguish two 
isotypes called F and G (Lobb et al. 1984). These two isotypes were present in all channel catfish 
tested. Monoclonal antibodies were also used to distinguish three heavy chain isotypes (Lobb and 
Olson 1988), but this conclusion is still controversial (Wilson and Warr 1992). Skin mucus 
antibodies of channel catfish have the same structure as serum antibodies, and no accessory 
proteins related to the secretory component of mammalian antibodies were seen (Lobb 1987).
Fish immunoglobulin has an identical number of exons as mammalian immunoglobulin, 
and the gene organization is analogous (Wilson and Warr 1992). Formation of a functional 
immunoglobulin gene appears to involve rearrangement of VH, DH, JH, and CH genes. Fish VH
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genes sequenced to date are similar to VH genes from “higher” vertebrates in both coding and 
noncoding regions, including regulatory regions and recombination signal sequences (Wilson and 
Warr 1992). Recombination signal sequences composed of a nonamer, 24 base pair spacer, and a 
heptamer were also found at the 5' end of channel catfish JH sequences (Ghaffari and Lobb 
1992). VH families are also present in fish immunoglobulin genes. Channel catfish have at least 
six VH families and a minimum of 140 VH elements (Ghaffari and Lobb 1991; Wilson and Warr 
1992). There is not much genetic data available on teleost fish light chains.
Lymphocytes. Fish lymphocytes are present in the spleen, thymus, kidneys, peripheral 
blood, and mucosal surfaces (Kaattari 1992). Evidence for the existence of separate B- and T- 
cell populations was presented by Etlinger et al. (1976), who showed that rainbow trout 
thymocytes were responsive to concanavalin A but not to LPS and anterior kidney lymphocytes 
were responsive to LPS but not to concanavalin A. Concanavalin A is a mammalian T-cell 
mitogen and LPS is a mammalian B-cell mitogen. This study also implicated the thymus and 
anterior kidney as primary lymphoid organs for T- and B-cells respectively, but the ontogeny of 
T- and B-cells in fish has still not been fully worked out
Early attempts to separate fish B- and T-cells using polyclonal antibodies to detect 
surface immunoglobulin (slg) were unsuccessful (Kaattari 1992). However, development of 
monoclonal antibodies to slg allowed differentiation of lymphocytes into slg" and slg' 
populations, and thymocytes were found to be virtually slg'. The channel catfish was one of the 
first species for which these monoclonal antibodies were developed; it was found that about 40% 
of channel catfish lymphocytes are slg" (Lobb and Clem 1982). It was also found that slg" 
lymphocytes in channel catfish could be separated into two populations using monoclonal 
antibodies that recognize different L chain isotypes. Channel catfish slg" lymphocytes are 
functionally similar to mammalian B-cells in that they produce a mitogenic response to LPS but 
not concanavalin A (Sizemore et al. 1984), and they produce antibodies in response to both T-
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independent (LPS) and T-dependent antigens (Miller et al. 1985). Recently it was shown that 
channel catfish B-cells can be activated by cross-linking their surface IgM, and early intracellular 
activation events were detected following activation that suggest the presence of a signal 
transduction system similar to the mammalian system (van Ginkel et al. 1994).
T-cell receptor 0 genes have been cloned from rainbow trout, and V-D-J-like regions 
were present (Partula et al. 1994). Fish equivalents of mammalian CD4 and CD8 for the 
delineation of T-cell subsets have not been identified (Vallejo et al. 1992). Unlike mammalian T- 
cells, channel catfish slg' lymphocytes undergo a mitogenic response to both LPS and 
concanavalin A (Sizemore et al. 1984). They also provide helper activity for slg+ lymphocyte 
antibody production in response to T-dependent antigens (Miller et al. 1985). A monoclonal 
antibody that reacts with slg', but not slg+, lymphocytes of channel catfish was developed that 
may allow for positive selection of T-cells (Miller et al. 1987). The antibody reacted with most 
thymocytes, and the lymphocyte population it reacted with also provided helper activity for 
antibody synthesis to a T-dependent antigen. Preliminary evidence for the existence of cytotoxic 
T-cells in channel catfish was also presented by Yoshida et al. (1995). In this study it was shown 
that channel catfish peripheral blood contains leucocytes that function as cytotoxic effectors 
against allogeneic catfish long-term cultured leucocytes as targets. These cells did not lyse 
xenogeneic targets, suggesting they are not NCC cells, and negative selection for B-cells and 
macrophages also ruled out these possibilities.
Antigen presentation, cellular interactions, and cytokines. Studies using different 
species o f teleost fish have demonstrated functional evidence for the presence of major 
histocompatibility complex (MHC) in teleost fish, including the presence of both allograft 
rejection and mixed lymphocyte reactions (MLR) (Stet and Egberts 1991). Genotypic evidence 
for the existence of MHC in teleosts is also well established. The sequences of both type I and 
type II MHC genes have been determined for several species of fish, including common carp
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(Cyprinus carpio) (Hashimoto et al. 1990), guppy (Poecilia reticulata) (Sato et al. 1996), 
zebrafish (Branchydanio rerio) (Ono et al. 1992; Takeuchi et al. 1995), striped bass (Morone 
saxatilis) (Hardee et al. 1995), and Atlantic salmon (Salmo salar) (Grimholt et al. 1993; Hordvik 
et al. 1993). Although the channel catfish MHC has not been identified, it has been functionally 
demonstrated in that channel catfish slg' lymphocytes exhibit the MLR in vitro (Miller et al.
1986). In addition, an antigen specific proliferative response by channel catfish peripheral blood 
leucocytes occurs in response to catfish alloantigens expressed on antigen presenting cells (APC), 
and the reaction can be suppressed with homologous alloantisera (Vallejo et al. 1991a). This 
alloantisera has also been shown to recognize proteins that resemble known MHC molecules by 
relative molecular mass (Vallejo et al. 1992).
The importance of antigen processing and presentation in the immune response of fish 
was suggested by studies that showed accumulation of antigen in phagocytes following 
experimental exposure by injection (Vallejo et al. 1992). Formation of discrete aggregates of 
phagocytic cells in the vicinity of lymphocytes, especially in the anterior kidney and spleen, was 
also observed. In channel catfish production of antibody by slg'1' lymphocytes in response to both 
T-independent and T-dependent antigens requires the presence of macrophages in vitro (Miller et 
al. 1985). Detection of peptide fragments of radiolabeled antigen in cell lysates from peripheral 
blood leucocytes (PBLs) that had been primed in vivo also provided direct evidence of antigen 
processing and presentation in channel catfish (Vallejo et al. 1990). In the same study antigen 
specific proliferation and antibody production were demonstrated in primed PBLs when they were 
stimulated by autologous primed PBLs that had been pulsed with antigen in vitro and fixed. The 
proliferative response was blocked by fixation of PBLs prior to antigen pulsing and by treatment 
with lysosomotropic agents (prevents acidification of lysosome), protease inhibitors, and the 
carboxylic ionophore monensin (prevents MHC class n  synthesis). Using cell separation 
protocols it was further shown that pulsed monocytes and B-cells could function as antigen
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presenting cells, and that T-cells also had weak antigen presenting capability. Long-term 
monocyte-like cell lines from channel catfish had the same capabilities for antigen presentation to 
autologous peripheral blood leucocytes in vitro as fresh peripheral blood monocytes (Vallejo et 
al. 1991b).
Neither TH1 and TH2 cells, nor many of the cytokines involved in controlling the 
immune response, have been demonstrated in fish. However, certain aspects of the cellular 
requirements and some possible cytokines involved in the immune response of fish have been 
studied. In vitro studies with channel catfish leucocytes demonstrated that the cellular 
requirements for mitogenic responses and antibody production are similar to mammalian 
requirements. T-cell mitogenesis (stimulated by concanavalin A or LPS) requires the presence of 
monocytes, while B-cell mitogenesis (stimulated by LPS) is monocyte independent (Sizemore et 
al. 1984). Production of antibody by B-cells in response to a T-independent antigen (LPS) 
requires monocytes but not T-cells, and production of antibody by B-cells in response to a T- 
dependent antigen requires the presence of both monocytes and T-cells (Miller et al. 1985). 
Further characterization of the B- and T-cell specificities indicated that hapten-specific B-cells 
and carrier-specific T- cells were required for the anti-hapten response to T-dependent antigens.
Supernatant from LPS-stimulated monocytes can replace the cellular requirement for 
monocytes in both the mitogenic and antibody production assays (Clem et al. 1985). This 
suggests that a channel catfish equivalent of IL-1 was being produced by LPS-stimulated 
monocytes. Analysis of the monocyte supernatants indicated there were two sizes of IL-1-like 
molecules present: a high molecular weight form (70 ldlodaltons) and a low molecular weight 
form (15 kilodaltons) (Ellsaesser and Clem 1994). These two forms were similar in size to 
monomeric and polymeric forms of IL-1 present in murine monocyte supernatants. Biological 
cross-reactivity between the mouse and channel catfish IL-1 molecules was observed, with the 
high molecular weight forms from both species stimulating catfish T cells and the low molecular
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weight forms stimulating mouse T cells. In addition, anti-human IL-1 a  and IL-ip sera reacted 
with both forms of channel catfish IL-1 and neutralized about 50% of the catfish IL-1 activity. 
IL-1 has also been detected in supernatants from LPS-stimulated monocyte-like cell lines from 
channel catfish (Vallejo et al. 199 lb).
Interleukin-2-like activity has not been identified in the channel catfish, but it has been 
observed in rainbow trout and carp (Secombes and Fletcher 1992). Supernatants from rainbow 
trout slg' lymphocytes increase macrophage adherence and spreading, acid phosphatase levels, 
phagocytosis, respiratory burst, and bactericidal activity’. Rainbow trout slg' lymphocyte 
supernatants may also contain Y'interferon activity (Secombes and Fletcher 1992).
Memory. The existence of immunologic memory in fish is controversial. Fish have no 
isotype switching, affinity maturation, or somatic mutation, all of which are characteristic of the 
mammalian secondary response (Kaattari 1992). Therefore, if the mammalian definition of 
immunologic memory is strictly applied to fish, it appears that they do not have a secondary 
response.
Teleost fish primarily express a tetrameric form of IgM. Monomeric forms of antibody 
are expressed by some species, but there is no evidence to indicate that it is the equivalent of 
mammalian IgG or that it is expressed more in the secondary response (Wilson and Warr 1992). 
Monomeric immunoglobulin has not been described in channel catfish, but it is possible that 
channel catfish express up to four heavy chain isotypes (Lobb and Olson 1988). These putative 
isotypes were observed to shift in their relative concentrations over the course of an antibody 
response, but it is not clear whether this type of shift is the equivalent of mammalian isotype 
switching. Another study detected no differences in the ratio of covalent antibody subpopulations 
in the channel catfish immune response over time, indicating a lack of isotype switching (Lobb 
1985). Ghaffari and Lobb (1992) sequenced the channel catfish germline heavy chain region and 
found an area of tandemly repeated simple sequences in the JH to CHI intron which they
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suggested were “reminiscent” of mammalian heavy chain switch regions. However, the repeated 
sequence area showed no apparent sequence similarity with characterized mammalian switch 
regions. In addition, Wilson and Warr (1992) stated that the sequence data in this study revealed 
that the JH to CHI intron is too short to contain a class-switch recombination sequence analogous 
to the mammalian sequence.
Several fish species lack significant affinity maturation, and somatic mutation has not 
been demonstrated in fish (Kaattari 1992). In channel catfish no significant changes in the 
binding affinities of induced antibody were seen when their immune response was monitored for 
over a year (Lobb 1985). This indicates that fish are more dependent on the capacity of their 
germline genes to generate antibody diversity than mammals.
The application of the mammalian definition for immunologic memory to the fish 
immune response was questioned by Kaattari (1994), who used a broader definition to describe 
memory. He defined a memory response as "one which is distinctive in its form and function 
from that of a primary response". Using this definition of immunologic memory, there is no 
question that fish have a secondary immune response. Features of the mammalian and fish 
secondary responses that are shared include the generation of enhanced antibody titers, 
accelerated antibody responses, and increased sensitivity to antigen (Kaattari 1992).
It appears, however, that mammals and fish use different strategies to obtain enhanced 
antibody titers in the secondary response. The generation of memory in mammals is characterized 
by the development of a population of B-cells that undergoes isotype switching and somatic 
mutation and has increased capacity for clonal proliferation when activated. Fish B-cells do not 
undergo any of these changes during an immune response. In particular, a study conducted on 
rainbow trout B-cells showed that proliferative capacity was not increased during the immune 
response (Arkoosh and Kaattari 1991). However, the B-cell precursor pool was increased 20-fold 
in size after priming. Thus, it appears that memory in fish is due solely to an increase in the
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antigen sensitive B-cell precursor pool and not due to the development of a physiologically 
distinct population of memory B-cells.
Effect of temperature and stress. Because fish are poikilotherms, their metabolism 
slows at low temperatures. Therefore, their immune response is expected to be slower at low 
temperatures as well. In one study the humoral immune response in carp at a low temperature 
(12-16 °C) was slower but had the same magnitude as the response at a higher temperature (20- 
24 °C) (Rijkers 1982). Graft rejection was also slower at a low temperature. The range over 
which immune responses can take place for a particular species is related to the normal 
environmental temperature range of that species.
Using a channel catfish monocyte-like cell line, it was shown that antigen processing and 
presentation occur at low temperatures (11-17 °C). However, longer exposure to the antigen was 
required (Vallejo et al. 1991b). Channel catfish monocytes also produce IL-1 at low temperatures 
(s 12 °C) (Vallejo et al. 1992), and B-cell function is normal at 17 °C (Klesius 1992a). However, 
T-cell function appears to be affected at low temperatures, possibly because of a difference in 
membrane fluidity due to the lipid content of the cell membranes (Klesius 1992a; Vallejo et al.
1992). In one study the MLR in channel catfish was vigorous at 22-27 °C and dramatically 
suppressed at 17 °C (Miller et al. 1986). Another study showed that the magnitude of the 
mitogenic response of channel catfish peripheral blood leucocytes to LPS was reduced only 
slightly at low temperature (17 °C), but the response to concanavalin A was undemonstrable at 
the same temperature (Clem et al. 1984). The investigators concluded that low temperature 
immunosuppression in fish may result from “preferential inhibitory effects on T-cells rather than 
B-cells.” Further studies indicated that the secondary response to T-dependent antigens was 
functional at low temperatures, but the primary response to T-dependent antigens was inhibited at 
low temperatures (Miller and Clem 1984). This suggested that primary T-helper cells were 
affected more than memory T-cells.
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The rate of temperature change is also important. Bly and Clem (1991) showed that a 
rapid drop in temperature (from 23 °C to 11 °C) causes transient immunosuppression in channel 
catfish. T- and B-cell responses to mitogens and antibody responses to T-dependent and T- 
independent antigens were also all suppressed for 3 to 5 weeks in this study. The suppression did 
not appear to be stress induced because blood serum chemistry and lymphocyte and neutrophil 
composition did not change in the characteristic manner of transport induced stress. In another 
study, “appropriate” acclimation to low temperatures in vivo relieved some of the suppressive 
effect on the primary response to T-dependent antigens (Miller and Clem 1984).
Stress in fish can be induced by handling and transport or by poor water quality 
conditions. Ellsaesser and Clem (1986) showed that handling and transport stress causes 
neutrophilia and lymphopenia in channel catfish with a decrease in both B-cells and T-cells in 
circulation. Circulating lymphocytes in stressed catfish also did not respond to either LPS or 
concanavalin A in vitro, nor did they undergo primary anti-hapten antibody responses to either T- 
dependent or T-independent antigens. The accessory cell functions of macrophages were intact in 
this study, but other functions of fish phagocytes, including cell migration and respiratory burst 
activity, are decreased during stress (Secombes and Fletcher 1992). It is possible that these 
effects are mediated by corticosteroids, which are known to be increased during stress (Ellis 
1981a; Secombes and Fletcher 1992).
Fish vaccination. Three routes of vaccine delivery are available in aquaculture: 
injection, immersion bath, and oral (Dunn et al. 1990; Klesius 1992a). Injection is usually IP and 
is the most effective in stimulating an immune response. In channel catfish multiple IP injections 
with formalin-killed Edwardsiella ictaluri in Freund’s complete adjuvant is protective against an 
LDg0 challenge dose and stimulates elevated antibody’ titers (Saeed and Plumb 1986). However, 
this method is labor intensive and not practical for commercial production. It also requires
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
56
anesthesia and extra handling, which is stressful to fish. Fish must also be large enough to inject, 
which precludes vaccination of fry and makes it difficult for fingerlings (Dunn et al. 1990).
Bath immersion is practical for large scale immunization and entails bathing the fish in 
antigen solution for a few minutes to several hours (Dunn et al. 1990). Although some handling 
is required, this method is less stressful than injection. Fish at any stage of development can be 
immersed, but it is most practical with smaller fish such as fiy or fingerlings. Once fish have 
been stocked into ponds this method cannot be used. Bath immersion vaccination of channel 
catfish stimulates a significant local cutaneous antibody response and a low to non-existent 
systemic antibody response (Lobb 1987). Using formalin-killed £  ictaluri this method 
stimulates a systemic antibody response, but not as strong as by injection (Vinitnantharat and 
Plumb 1992; Thune et al. in press). Bath immersion with formalin-killed K  ictaluri has had 
some success in providing protection in pond studies (Plumb and Vinitnantharat 1993; Thune et 
al. 1993b).
Incorporation of antigen in food is also practical for large scale vaccinations. This 
method is the least stressful to fish and requires the least amount of labor (Dunn et al. 1990). It is 
the only method available for vaccination of fish after they have been stocked into ponds. 
However, large quantities of antigen are usually required and im m unity is not as strong or long 
lasting as by injection or immersion. Degradation of vaccine in the digestive tract is a potential 
problem, and stimulation of a systemic immune response would depend on the ability of the 
antigen to cross the gastrointestinal tract There is also variation in the amount of vaccine each 
fish receives because the dose is dependent on the amount of food eaten. In field trials with 
formalin-killed E. ictaluri this method has had some success in providing protection (Plumb and 
Vinitnantharat 1993; Thune et al. 1993b).
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Antibody response to E. ictaluri
Klesius (1992a) stated that “immunity to E. ictaluri appears to require that the humoral 
and cellular components of the catfish immune system operate. Antibody, complement, and 
macrophages are required for protective immunity against E  ictaluri". Recent evidence that E. 
ictaluri is capable of intracellular replication within macrophages, which would protect the 
bacteria from humoral components, implies that cell-mediated immunity is critical to protection 
of channel catfish against this pathogen (Collins et al. 1994). However, the cell-mediated 
immune response to E. ictaluri is not well characterized, largely because of limitations in the 
knowledge of the channel catfish immune system. The antibody response is better characterized, 
and for this reason is reviewed in this section. The omission of the cell-mediated response in this 
section is not meant to imply that it is not important, but merely that there is little known.
Specificity. The antibody response to E. ictaluri is highly specific. Rogers (1981) used 
enzyme immunoassay to show that rabbit anti-E ictaluri antibodies were not cross-reactive with 
E. tarda, Salmonella, or Aeromonas hydrophila. More recently, Chen and Light (1994) injected 
channel catfish with bacterial antigens from E. ictaluri and nine other species of bacteria found in 
ponds and channel catfish intestines. Fish immunized with E  ictaluri were the only group to 
develop significant anti-E ictaluri antibody titers by microtiter agglutination assay. In addition, 
sera from naturally exposed channel catfish with anti-E ictaluri antibody titers were adsorbed 
with bacterial antigens from E. ictaluri and the nine other bacterial species, and only titers of the 
E. ictaluri-adsorbed fish were reduced.
Several studies have characterized the specificity of channel catfish anti-E ictaluri 
antibodies. It is known that the lipopolysaccharide (LPS) of £  ictaluri is highly immunogenic in 
channel catfish (Baldwin 1992). The LPS ladder reacted so strongly when Baldwin used naturally 
infected catfish serum to probe whole cell lysates in a Western blot that he could only visualize 
the ladder and a single 37 ldlodalton (kd) immunodominant protein. When the serum was
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absorbed with purified LPS, however, 15 other immunogenic bands were visible. Several R  
ictaluri proteins are immunogenic in catfish as well. Baldwin identified the one immunodominant 
37 kd protein and 15 others. Six of these proteins and the 37 kd protein were identified as outer 
membrane proteins, and one was identified as a flagellar protein. Plumb and Klesius (1988) 
found two immunodominant proteins (34 and 60 kd) using SDS-PAGE with pooled serum from 
“infected fish and immunized protected fish”. Moore and Thune (in press) identified 14 
immunogenic bands using one-dimensional SDS-PAGE and probing with pooled “convalescent 
catfish serum” from fish that had recovered from a natural infection. Three of the bands (54 kd, 
42 kd, and 10 kd) were identified as immunodominant Using denatured two-dimensional PAGE 
they identified 25 immunogenic spots. The relationship between the different immunodominant 
proteins of E. ictaluri identified in the different studies is not known.
Kinetics. The kinetics of the channel catfish anti-£ ictaluri antibody response following 
experimental infections by IP injection and bath immersion were followed by Ciembor et al. 
(1995) using agglutination and enzyme-linked immunosorbant assay (ELISA). ELISA titers and 
agglutination titers showed the same trends over the 21-day study, with ELISA titers being higher 
and detecting antibody sooner. Agglutination titers were first positive 9 days post-exposure by 
injection and 11 days post-exposure by bath immersion. Peak times were not apparent because 
titers were still increasing on day 21. Final titers were higher in the injection group (138) than the 
bath immersion group (26). Klesius and Sealy (1995) used ELISA to measure production of 
antibody against a purified E. ictaluri antigen in channel catfish following immersion exposure. 
Antibody titers peaked at days 14-21 in two studies and gradually declined. In one study catfish 
were reexposed to E. ictaluri on day 56, and the peak secondary antibody response occurred at 
the same time (21 days post-exposure), but titer was not as high as the primary response.
Effect of stress on antibody production. Despite the immunosuppressive effect of 
stress on fish (Ellis 198 la), a higher antibody response against R  ictaluri was seen by Ciembor
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et al. (1995) when catfish were stressed than when they were not. In this study (discussed in the 
previous paragraph) another group of catfish was immersion exposed to £  ictaluri immediately 
after they were stressed by handling. The antibody response in this group started on the same day 
as the injection group (9 days post-exposure), and the final titers were higher than the injection 
group (352). Antonio and Hedrick (1994) used corticosteroid injections to show the same effect 
in channel catfish that had survived an £  ictaluri immersion challenge 4 months previously. 
Injected channel catfish had higher anti-£ ictaluri titers after 2 weeks than catfish that had not 
been injected.
Detection. Saeed and Plumb (1987) compared six methods for detecting anti-£. ictaluri 
antibodies in channel catfish and found that whole cell agglutination or passive hemagglutination 
provided distinct titer end points for quantification. Several different indirect ELISA tests have 
been developed for detection and quantification of anti-£ ictaluri antibodies as well. Waterstrat 
et al. (1989) used whole cell £  ictaluri antigen with rabbit anti-catfish serum as the secondary 
antibody and goat anti-rabbit IgG alkaline phosphatase conjugate as the tertiary antibody.
Klesius et al. (1991) used a purified £  ictaluri antigen with mouse monoclonal anti-catfish 
immunoglobulin heavy chain (conjugated with horseradish peroxidase) as the secondary antibody. 
Thune et al. (in press) used sonicated £  ictaluri antigen with mouse anti-catfish monoclonal as 
the secondary antibody and peroxidase-labeled affinity purified goat anti-mouse IgG as the 
tertiary antibody.
Relevance to protection. The importance of anti-£ ictaluri antibodies in resistance to 
infection is still not known. Vinitnantharat and Plumb (1993) determined agglutination antibody 
titers of channel catfish that had survived a natural £  ictaluri infection and divided the fish into 
four groups: negative (no titer), low titer, medium titer, and high titer. Each group was 
challenged with £  ictaluri by IP injection. They found a strong correlation between mortality 
and antibody titer, and concluded that channel catfish require an agglutination titer of over 256 to
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“ensure detectable protection against an injected challenge.” However, this finding has been 
disputed by other investigators. Ciembor et al. (1995) found that immersion exposed catfish that 
were stressed immediately before exposure had higher antibody titers, higher mortalities, and 
higher percent of fish that cultured positive for E. ictaluri than fish exposed by injection or non­
stressed immersion. Klesius and Sealy (1995) attempted to passively immunize channel catfish 
with immune serum from survivors of an E. ictaluri challenge, and they saw no protection against 
ESC. They suggested the reason Vinitnantharat and Plumb (1993) saw a protective role for 
antibody was that they challenged the fish intraperitoneally, which is not a natural route of 
infection. Thune et al. (in press) measured antibody response in channel catfish following 
vaccination with a killed E. ictaluri bacterin and also could find no correlation between antibody 
titers and protection.
Vaccination studies
Because of its serological homogeneity, E. ictaluri is considered a good vaccine 
candidate (Plumb 1984; Thune et al. 1993b). There have been no reported live vaccine 
candidates for E. ictaluri; all vaccine studies so far have evaluated either killed whole bacteria, 
killed disrupted bacteria, or bacterial components. Vaccine studies have been conducted in both 
the laboratory (tanks) and in the field (ponds). Results obtained from the field studies, although 
conducted under conditions that more closely resembled commercial catfish ponds, are not as 
reliable as the results from laboratory studies due to presence of E. ictaluri in the environment 
Laboratory studies. Edwardsiella ictaluri vaccine studies conducted under laboratory 
conditions have shown that injection of killed whole cells or LPS can provide significant 
protection, especially when given with an adjuvant However, this route of exposure is not 
practical for use in commercial production. No studies in the laboratory have shown that 
vaccination against E. ictaluri by either the immersion or oral route is effective.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Saeed and Plumb (1986) compared the effectiveness of using E. ictaluri LPS and 
formalin-killed whole cells with and without Freund’s complete adjuvant as injectable vaccines 
under laboratory conditions. They evaluated the different vaccines by measuring agglutinating 
antibody titers and by challenging the fish with virulent E. ictaluri injected IP and counting 
mortalities over 5 days. Lipopolysaccharide and whole cells both stimulated higher antibody 
titers when they were injected with adjuvant than without In LPS injected fish, multiple 
injections of LPS with adjuvant (days 0,10, and 17) gave better protection than a single injection 
of LPS with adjuvant (3.3% mortality compared to 20% mortality). Both gave significant 
protection compared to control fish (80% mortality). Lipopolysaccharide in saline only gave 
significant protection when given in multiple injections (36.7% mortality), and protection was not 
as good as when it was given with adjuvant. Whole cells only gave protection when given with 
adjuvant, and protection was better when given in multiple injections (8.3% mortality). They also 
tried vaccination by immersion of catfish in formalin-killed bacterin. Antibody titers were 
significantly higher than negative controls, but not as high as the injected fish. No significant 
protection was seen when they were challenged IP.
Plumb et al. (1986) also evaluated a formalin-killed whole cell E. ictaluri bacterin that 
was given by IP injection under laboratory conditions. They did not see significant protection 
when the fish were challenged by IP injection of virulent J?. ictaluri after being held at 25 °C for 
60 days after vaccination. However, fish that were vaccinated and held at 25 °C for 30 days 
followed by 12 °C for 30 days did have significant protection (10% mortality compared to 60% 
mortality' in control fish).
Thune et al. (in press) compared the effectiveness of three routes of delivery for a 
formalin-killed whole cell E. ictaluri bacterin in the laboratory. One group of channel catfish was 
vaccinated at 12 days post-hatch by immersion and boosted orally at 10 weeks post-hatch, one 
group was vaccinated by immersion at 10 weeks post-hatch, and the last group was vaccinated at
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10 weeks post-hatch by IP injection. All vaccinated fish developed significant ELISA antibody 
titers, but injected fish had significantly higher antibody titers than the immersion/oral and 
immersion only fish. Antibody titers rose quickly and remained high for 8 weeks, then gradually 
declined. No significant protection was seen in immersion challenges with virulent E  ictaluri; 
however, concurrent Cytophaga columnaris infections confused the results.
Tyler and Klesius (1993) evaluated the effectiveness of a formalin-killed rough mutant of 
Escherichia coli as an injectable vaccine for E. ictaluri. This vaccine targets “homologous 
Gram-negative core antigens.” Protection was evaluated by immersion exposure to virulent E. 
ictaluri. Fish that were vaccinated with E. coli in aluminum hydroxide adjuvant had significant 
protection compared to negative controls, but fish vaccinated with E. coli in saline had no 
significant protection.
Pond studies. Evaluations of killed E. ictaluri vaccines in the field tend to show better 
results than the laboratory evaluations. The most likely explanation is that the fish in ponds get a 
“natural booster” from exposure to E  ictaluri in the environment (Thune et al. 1993b; Plumb et 
al. 1994). Most of the field studies were conducted by vaccinating fish, stocking them into ponds, 
and then transferring fish back into the laboratory for challenge with virulent E. ictaluri. Some of 
the field studies have shown significant protection of channel catfish that were vaccinated with E. 
ictaluri bacterin by the oral and immersion routes of delivery. However, it is not possible to 
determine what contribution the vaccine made in providing protection and what contribution was 
made by natural exposure.
Plumb et al. (1986) only demonstrated protection of channel catfish that were vaccinated 
by immersion with sonicated and whole cell formalin-killed E. ictaluri. Fish that were vaccinated 
by injection were not protected. Plumb and Vinitnantharat (1993) showed excellent protection 
when they vaccinated channel catfish with a formalin-killed E. ictaluri bacterin by immersion 
with and without an oral booster. Immersed fish had 6.6% mortality, immersed fish with an oral
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booster had 3.3% mortality, and control fish had 96.7% mortality in a laboratory challenge. 
Vaccinated fish in this study also showed improved weight gain over the control fish when they 
were harvested from the ponds. Plumb et al. (1994) also induced significant protection by 
vaccinating with a formalin-killed bacterin by the oral route (in feed) only. Control fish had 
76.7% mortality compared to 40-S0% mortality in vaccinated fish. In the last two studies, 
however, significant anti-E ictaluri titers were present in the negative control fish when the 
studies were completed, indicating that a natural exposure occurred in both cases.
Thune et al. (1993b) conducted extensive field trials of a formalin-killed E  ictaluri 
bacterin using ponds that were in production on commercial catfish farms. A preliminary pond 
study with a laboratory challenge showed good protection of fish that were vaccinated with a 
combination of immersion and oral exposures. Vaccinated fish had 5% mortality and control fish 
had 46.7-61.7% mortality. More extensive pond studies were then conducted in which only 
mortality as a result of natural exposure was measured. Because exposure to ESC and 
management techniques varied from farm to farm, results varied considerably and must be 
interpreted in this light Excellent results were seen on some farms, and no improvement was 
seen on others. In one year significant protection resulted from vaccination by immersion (38.0% 
mortality), immersion and oral (41.7% mortality), and oral routes of exposure (44.3% mortality) 
compared to non-vaccinated fish (89.2% mortality). In another year fish that were vaccinated by 
immersion and oral exposure routes had 41.2% mortality compared to 63.5% mortality in the 
non-vaccinated fish.
Vaccination with Bacterial Auxotrophs
The use of bacterial auxotrophs as live vaccines was predicted as early as 1951 by Bacon 
et al. In the concluding remarks of this landmark paper they stated: “The use of such strains as 
living vaccines is theoretically of immunogenic value, although involving a number of practical 
difficulties. Not the least would be the prevention of reversion to the non-exacting condition.”
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With the development of genetic techniques that allow the development of stable bacterial mutant 
strains, the prediction has become a reality.
Use of nutritional auxotrophs as live vaccines
An optimal live attenuated vaccine strain is safe, stable, and maintains all the surface 
antigens of the virulent strain (Stocker et al. 1982). The safety of auxotrophic bacterial strains, 
especially pur, aro, and thy mutants, has been demonstrated (see section entitled “Bacterial 
Auxotrophs In Vivo,r). The stability of an auxotrophic strain can be ensured by using precise 
genetic techniques, such as transposon mutagenesis or gene replacement by homologous 
recombination, to construct it. The use of precise genetic methods also ensures that all of the 
surface antigens presented to the host remain intact in an auxotrophic strain. Often mutants 
constructed using imprecise methods can have other phenotypic changes that can affect their 
pathogenicity and immunogenicity (Hone et al. 1994; Attridge 1995).
Studies have shown that many bacterial virulence genes are not expressed unless they are 
induced by specific host factors in vivo (Mekalanos 1992; Mahan et al. 1993). An auxotrophic 
strain would be able to respond to environmental signals in the host tissues and present the 
expressed virulence factors to the host immune system, while a strain with a mutation in one or 
more virulence factors may not have this capability. However, if  one of the virulence factors 
expressed by a pathogen is a toxin, its expression can be a disadvantage. Development of a live 
attenuated vaccine has been difficult for Vibrio cholerae because of toxin production (Attridge 
1995).
Because bacterial auxotrophs can express all of the virulence factors necessary for 
disease pathogenesis, they maintain their capability to actively penetrate the host. Consequently, 
they are effective as oral vaccines (Hoiseth and Stocker 1981; Mukkur et al. 1987; Cooper et al. 
1992; Segall and Lindberg 1993). They are also effective in providing protection after a single 
dose because of their ability to persist in host tissues (Hoiseth and Stocker 1981; O'Callaghan et
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al. 1988). In addition, auxotrophic strains of Salmonella show promise as carriers for presenting 
foreign antigen to the host immune system (Brown et al. 1987; Fairweather et al. 1990; Strugnell 
et al. 1990; Hormaeche 1991).
Vaccination using purine auxotrophs
Gowen et al. (1953) tested several different auxotrophic phenotypes of Salmonella 
typhimurium for their immunizing capacity by injecting individual mutants intraperitoneally (IP) 
into mice and challenging later by IP injection of the wild-type strain. There was considerable 
variation in the immunizing capacity of different mutants, even when they had the same 
auxotrophic phenotype. Of the adenine auxotrophs they tested, four mutants were poor 
immunizers, one stimulated the host immune system “to some degree,” and four mutants had 
good immunizing ability. Levine and Maurer (1958) evaluated the use of a Pseudomonas 
pseudomallei hypoxanthine auxotroph as a vaccine for mice. They found that three or four 
injections of the mutant spaced 2 to 3 weeks apart gave good protection against injected 
challenges with virulent strains. The LDjg of the virulent strains in immunized mice was two to 
five logarithms higher than the LD^ of the virulent strains in unimmunized mice. A single 
injected dose of the mutant was not protective. Only one or two injections with the mutant did not 
elicit detectable agglutinating antibody titers to P. pseudomallei. Bhaskaran and Sinha (1967) 
reported that a purine auxotrophic strain of Vibrio cholerae was “as effective as wild-type strains 
when employed as live vaccine in mouse protection tests,” but did not show the protection data.
A tspurHD strain of Salmonella choleraesuis was injected in sublethal doses in BALB/c mice 
(Nnalue and Stocker 1987). Six out of seven mice injected IP with the mutant survived challenge 
with the virulent parent strain, while all of the control mice died.
McFarland and Stocker (1987) vaccinated BALB/c mice withpurA::TnlO derivatives of 
two Salmonella typhimurium strains by IP injection and challenged with virulent parental strains 
30-58 days later. Mice vaccinated with at least 2.5 x 10s cfu of the mutant strains were
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completely protected against IP challenge with 2.5 x 103 cfu of the virulent parental strains (LD50 
<25 cfu). The investigators concluded that thepurA defect showed potential for use in the 
construction of live attenuated vaccines.
Vaccination with other auxotrophs
Most studies using bacterial auxotrophs as live attenuated vaccines have used aro 
mutants, and the majority of the aro vaccine studies have been in Salmonella species. In 
particular, the immune response to S. typhimurium aro mutants and their vaccine potential has 
been well characterized. Hoiseth and Stocker (1981) injected AaroA S. typhimurium IP into 
BALB/c mice and challenged with virulent S', typhimurium by IP injection and by feeding. The 
results were dramatic; five out of five control mice died in both the oral and injection exposures, 
while no mice died that were vaccinated with at least 2 x 10s bacteria and challenged by either 
route. Killar and Eisenstein (1985) backed up these results in a study using C3H/HeJ mice. 
Intraperitoneal vaccination of these mice gave significant protection against a virulent S. 
typhimurium IP challenge 7 months post-vaccination. They also saw transient non-specific 
protection against Listeria monocytogenes infection, suggestive of cell-mediated immune 
activation. Adoptive transfer experiments were unsuccessful with T-cell-enriched spleen cells, 
but were successful with a macrophage-enriched fraction. The presence of specific T- 
lymphocytes in the peritoneum was demonstrated using a proliferation assay.
Salmonella typhimurium aro mutants were tested in calves and shown to be effective in 
preventing clinical signs and mortalities when calves were vaccinated by oral and intramuscular 
(IM) injection routes (Robertsson et al. 1983; Smith et al. 1984b). Calves vaccinated by injection 
with heat-inactivated S. typhimurium showed significantly higher systemic antibody titers than 
calves vaccinated orally with an aro mutant (Lindberg and Robertsson 1983). However, calves 
given the live vaccine showed significantly higher cell-mediated immunity than calves given the 
killed vaccine, as determined by skin reactivity tests and lymphocyte stimulation indices.
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Salmonella typhimurium aro mutants also reduced clinical signs and mortalities when sheep were 
vaccinated by either the oral or IM injection route (Mukkur et al. 1987), and they were effective in 
stimulating cell-mediated im m unity and antibodies in pigs and reducing clinical signs when they 
were vaccinated by IM injection (Lumsden and Wilkie 1992).
Salmonella dublin aro mutants are also effective as modified live vaccines in calves 
when given orally (Segall and Lindberg 1991; Segall and Lindberg 1993) and by IM injection 
(Smith et al. 1984a). In the oral vaccination studies, calves were protected against an oral 
challenge with a dose that equaled 1000 LD^ doses of virulent S. dublin. Calves in these studies 
showed a significant LPS serum antibody response and a significant skin delayed-type 
hypersensitivity reaction. An aroA mutant strain of S. enteritidis was effective as an oral vaccine 
in chicks (Cooper et al. 1992). Vaccination gave significant protection against intravenous (IV) 
challenge with a virulent strain and reduced intestinal shedding following an oral challenge. 
Systemic antibody response was poor to not present Multiple IM injections of 2-week-old 
chickens with an aroA mutant of S. gallinarum gave good protection against an oral challenge, 
but a single IM injection was not as protective (Griffin and Barrow 1993). Oral vaccination with 
the mutant was not effective.
The only reported ineffective Salmonella aro vaccine was a S. choleraesuis aroA 
vaccine, which was ineffective in protecting Salmonella-susceptible BALB/c and C57BL/6 mice 
from experimental challenge with virulent parent strain S. choleraesuis (Nnalue and Stocker
1987). Mice were injected IP in two or three doses and challenged 12-15 days later by IP 
injection, and there was no significant protection. Possible explanations given for the 
ineffectiveness of this vaccine were either that the S. choleraesuis O antigens are poorly 
immunogenic in mice or that virulent S. choleraesuis “can multiply to kill mice even though the 
mice have mounted a strong immunologic response.”
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In other bacterial species aro mutant strains were usually effective. Good results were 
reported with an aroD mutant strain o f Shigella flexneri given orally to monkeys (Lindberg et al.
1988). After a single vaccination monkeys challenged with a dose equivalent to 100 times the 
50% infectious dose (ID ^ were fully protected. Significant local slgA and systemic IgA, IgG, 
and IgM antibodies were detected. AnAeromonas salmonicida aroA mutant injected IP into 
salmonid fish gave good protection against an injected virulent challenge (Vaughan et al. 1993). 
The LDjo of single dose vaccinated fish was 253 times higher than the LD^ of non-vaccinated 
fish, and two vaccine doses raised the LD^ more. Single dose IP vaccination with a Pasteurella 
multocida aroA mutant gave partial protection to mice against virulent IP challenge, and two 
doses were completely protective (Homchampa et al. 1992). Significant serum antibodies were 
elicited in both of these studies. Guinea pigs injected with a single dose of an aro mutant strain 
of Bacillus anthracis were also fully protected against an injected virulent challenge (Ivins et al. 
1990).
Other aro vaccines required more than one dose to be effective. A Bordetella pertussis 
aroA mutant was used as an aerosol vaccine in mice (Roberts et al. 1990). Three exposures 3-4 
days apart caused rapid clearance of virulent B. pertussis in an aerosol challenge, but a single 
dose was not effective. Systemic antibody response was significant but low. Similarly, a single 
oral dose of a Yersinia enterocolitica aroA mutant did not give significant protection against an 
experimental oral challenge in mice, but three doses 3 days apart did give moderate protection 
(Bowe et al. 1989). It also took two doses of an aroA mutant of Pasteurella haemolytica by IP 
injection to protect BALB/c mice against the virulent parental strain (Homchampa et al. 1994).
Few vaccine trials have been conducted with thymine auxotrophs. A thymine requiring 
mutant strain of Shigella flexneri gave solid protection against disease and mortalities in rabbits 
and monkeys after two oral doses (Ahmed et al. 1990). A thymine auxotrophic strain of Vibrio 
cholerae was ineffective as an oral vaccine in humans (Levine et al. 1988), but a later study
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
69
showed this strain was also defective in toxin-coregulated pili expression and was not a true 
indicator of the vaccine potential of a thymine auxotroph (Attridge 1995).
Comparative purA  and aroA vaccine studies
Studies with Salmonella auxotrophs have indicated that purA mutants are less effective 
than aroA mutants in protecting against experimental Salmonella infection, apparently because 
purA mutants are eliminated from the host faster than aroA mutants (O'Callaghan et al. 1988; 
Sigwart et al. 1989). Sigwart et al. (1989) measured serum IgG and mucosal IgA responses 
against the LPS of the parent £  dublin strain after oral immunization of mice with AaroA,
ApurA, and AaroAApurA mutant strains. They found the AaroA strain elicited a significantly 
higher serum and mucosal antibody response than either ApurA strain by 5 weeks post­
vaccination. O’Callaghan et al. (1988) compared the ability of AaroA, ApurA, and AaroAApurA 
mutant strains of S’, typhimurium to provide protection against challenge with virulent strains. 
Mice were vaccinated by intravenous (IV) injection and challenged by the same route. The 
AaroA and ApurA mutants both gave good protection against their parent virulent strains; the 
AaroAApurA strain did not. Against a non-parent virulent strain, one of two ApurA strains gave 
good protection and two AaroA strains also gave good protection; the AaroAApurA mutant strain 
did not. In oral vaccination with oral challenge studies, only the AaroA strain gave significant 
protection.
A 5. typhi strain auxotrophic for both the aroA and purA genes was shown to stimulate 
significant systemic cell-mediated immunity when given orally to human volunteers (Levine et al. 
1987; Stocker 1988). Like the S. dublin study in mice, the systemic antibody response in the 
volunteers was poor. Cell-mediated immunity, however, measured by lymphocyte replication 
studies and mononuclear cell inhibition of wild-type S. typhi, was significant in all vaccinated 
individuals.
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Hypothesis and Objectives 
The hypothesis tested in this study is that an adenine auxotrophic strain of Edwardsiella 
ictaluri would be attenuated in channel catfish and would be effective as a live attenuated 
vaccine.
The objectives of this study were: 1) to develop and characterize a defined and stable 
purA mutant strain of Edwardsiella ictaluri, 2) to evaluate the purA mutant strain in vivo by 
conducting studies to compare the virulence and tissue persistence of the mutant compared to 
wild-type E. ictaluri, and 3) to conduct a preliminary' study to evaluate the purA mutant strain’s 
effectiveness as a vaccine.
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CHAPTER TWO 
CLONING, SEQUENCING, AND MUTAGENESIS OF 
THE purA GENE FROM Edwardsiella ictaluri
Edwardsiella ictaluri, the causative agent of enteric septicemia of catfish (ESC), is the 
most important pathogen of cultured channel catfish. In this study the purA gene from E. ictaluri 
was cloned, modified by deletion/insertion mutagenesis, and used to construct an adenine 
auxotrophic strain. Using genomic E. ictaluri DNA as a template, an 1104 base pair fragment of 
the purA gene was amplified by polymerase chain reaction (PCR), labeled, and used to probe an 
E. ictaluri genomic library constructed in XZap Express (Stratagene). A clone containing the 
entire purA gene and more than four kilobases of flanking chromosomal DNA was isolated and 
sequenced using the dideoxynucleotide chain termination method. Sequence results indicated the 
E. ictaluri purA gene is in a monocistronic operon and has many features in common with the E. 
coli purA gene, including similar promoter regions and a similar operator sequence. Overall 
sequence identity with the E. coli purA gene was 79.3%, and amino acids in the E. coli 
adenylosuccinate synthetase protein that are critical to function were found to be conserved in the 
deduced amino acid sequence of the E. ictaluri purA protein product A 598 base pair Nar I 
fragment was deleted from the middle of the purA gene and a gene conferring resistance to 
kanamycin was cloned into this site. The purA gene containing the kanamycin gene was 
subcloned into the suicide plasmid pGP704. The resulting suicide plasmid, pEI17, was used to 
deliver the modified gene into a virulent strain o ff . ictaluri by conjugation and homologous 
recombination, and several purA: :Kmr mutants were isolated and confirmed phenotypically. One 
of the E. ictaluri purA:: Kmr mutants, designated LSU-E2, was also confirmed genotypically by 
complementation and by PCR using primers specific for the kanamycin resistance gene and the E. 
ictaluri purA gene.
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Introduction
Edwardsiella ictaluri, the causative agent of enteric septicemia of catfish (ESC), is a 
Gram-negative anaerobe in the family Enterobacteriaceae. It was first described in 1979 after 
being isolated from natural outbreaks in commercial channel catfish farms (Hawke 1979) and has 
since become the most important pathogen of channel catfish (MacMillan 1985). Biochemical 
characterization of E. ictaluri and DNA binding studies with other bacterial species indicated that 
it is most closely related to Edwardsiella tarda (relative binding ratio of 56-60% at 60 °C) 
(Hawke et al. 1981). It is also closely related to E. coli with a relative binding ratio of 31% 
between the two species at 60 °C.
Edwardsiella ictaluri is weakly motile with peritrichous flagella at 25 °C. Optimal 
growth is between 25 and 30 °C (Hawke 1979) and at a NaCl concentration below 0.5% (Plumb 
and Vinitnantharat 1989). Growth is slow on plating media; 48 hours are required to form 2 mm 
colonies on blood agar plates at 30 °C (Hawke 1979). A defined minimal medium was developed 
for E. ictaluri and used to show that purine or pyrimidine supplementation is not required for 
growth (Collins and Thune 1996). Antibiotic susceptibility testing has shown that E. ictaluri is 
sensitive to most antibiotics, including penicillin, but it is resistant to colistin (Farmer and 
McWhorter 1984).
Channel catfish isolates of E  ictaluri from various geographical locations have shown a 
large amount of biochemical and serological homogeneity (Waltman et al. 1986; Plumb and 
Klesius 1988; Plumb and Vinitnantharat 1989; Bertolini et al. 1990). As a result, E. ictaluri is 
considered a good vaccine candidate (Plumb 1984; Thune et al. 1993b), and killed whole cells 
and cell components have been evaluated as vaccines for ESC. By injection, purified LPS was 
effective in protecting channel catfish against E. ictaluri infection when given with Freund’s 
complete adjuvant (Saeed and Plumb 1986). However, because of the large numbers, small size, 
and low economic value of individual fish, this route of vaccination is not practical for use by
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commercial producers. The immersion and oral routes of exposure are practical routes of vaccine 
delivery, but killed preparations have not been effective in providing protection by either route 
under controlled laboratory conditions (Saeed and Plumb 1986; Thune et al. in press). No live 
attenuated vaccines for ESC have been reported.
Nutritional attenuation is the basis for the development of live attenuated vaccines in 
several bacterial species. Certain auxotrophic phenotypes of bacterial pathogens are consistently 
attenuated because of limited availability of required nutrient(s) in vertebrate tissues (Garber 
1956; Stocker 1988). Para-aminobenzoate (PAB) auxotrophs are a well-known example.
Hoiseth and Stocker (1981) showed that an aroA mutant (PAB auxotrophic) strain of Salmonella 
typhimurium was attenuated in mice and effective as a live vaccine. Since this study, aro mutants 
of other bacterial species were also shown to be attenuated and effective as vaccines (Smith et al. 
1984a; Lindberg et al. 1988; Bowe et al. 1989; Roberts et al. 1990; Homchampa et al. 1992; 
Vaughan et al. 1993). A Shigella flexneri thymine auxotroph was attenuated and effective as a 
live attenuated vaccine as well (Ahmed et al. 1990).
Another bacterial phenotype that is consistently attenuated in vertebrate hosts is the 
purine auxotroph (Bacon et al. 1950b; Garber et al. 1952; Levine and Maurer 1958; Herzberg 
1962; Ivanovics et al. 1968; Brubaker 1970; Baselski et al. 1978). There are three types of 
purine auxotrophs, depending on which branch of the purine biosynthetic pathway is disrupted 
(Figure 2). Hypoxanthine auxotrophs result from a mutation in the common pathway for inosine 
monophosphate (IMP) synthesis and can grow with supplementation of any of the salvageable 
nucleosides or nucleobases (Neuhard and Nygaard 1987). Guanine auxotrophs result from a 
mutation in either the guaB or guaA gene and require guanine or guanosine supplementation, 
while adenine auxotrophs result from a mutation in either the purA or purB gene and require 
adenine or adenosine for growth.
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All three phenotypes are attenuated in vertebrate hosts, but in comparative studies 
adenine auxotrophs of Salmonella typhimurium m i  Bacillus anthracis had the highest degree of 
attenuation (Ivanovics et al. 1968; McFarland and Stocker 1987). In vaccine studies Salmonella 
typhimurium purA mutants were effective in protecting mice against experimental infection with 
virulent parental strains (McFarland and Stocker 1987; O'Callaghan et al. 1988). A Salmonella 
typhimurium purA mutant was also used in a study to identify virulence genes that are only 
expressed in vivo during an infection (Mahan et al. 1993).
To date no techniques for gene cloning in E. ictaluri and for transferring foreign DNA 
into E  ictaluri have been published; in addition, no genetically defined mutant strains of E. 
ictaluri have been published. The objectives of this study were to develop genetic techniques for 
E. ictaluri and to use these techniques to clone the £  ictaluri purA gene and construct a defined 
purA mutant strain.
Materials and Methods
Bacterial media and antibiotics
Bacterial strains, phage, and plasmids used are listed with their sources in Appendix A. 
Escherichia coli was grown at 37 °C with Luria-Bertani (LB) broth and agar plates (Sambrook et 
al. 1989). Edwardsiella ictaluri was grown at 28 °C with brain heart infusion (BHI) broth and 
agar plates (Difco Laboratories, Detroit, MI) or with trypticase soy agar (TSA) II plates with 5% 
sheep blood (Becton Dickinson and Company, Cockeysville, MD). LambdaZap Express phage 
were grown in £  coli XL 1-Blue MRF with NZYM agar plates and NZYM top agarose 
(Sambrook et al. 1989). Edwardsiella ictaluri defined minimal media broth and agar plates 
(Collins and Thune 1996) were used for nutritional characterization of £  ictaluri strains, and the 
API 20E system (bioMe'rieux Vitek, Hazelwood, MO) was used for biochemical characterization 
of £  ictaluri strains. Conjugations between £  ictaluri and £  coli were grown at 28 °C on LB 
plates.
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The F  episome was maintained in E. coli XLl-Blue MRF with tetracycline (Tet) (Sigma 
Chemical Co., St Louis, MO) selection at 12.5 pg/ml. Ampicillin (Amp) (Sigma Chemical Co.) 
at 200 pg/ml was used to maintain pBluescript, pGP704, and their derivatives. Kanamycin (Kan) 
(Sigma Chemical Co.) at 50 pg/ml was used to maintain plasmids derived from the pBK-CMV 
phagemid and plasmids carrying Tn903. Colistin (Col) at 10 pg/ml was used for counterselection 
against E. coli SM10 Xpir following conjugations. For blue-white screening of DNA cloned into 
pBluescript, K  coli XLl-Blue MRF was spread on LB plates with 100 pi of 100 mM IPTG 
(isopropylthio-P-D-galactoside) (Amresco, Solon, OH) and 40 pi of 2% X-gal (5-bromo~4- 
chloro-3-indolyl-P-D-galactoside) (Amresco).
Cloning and sequencing the E. ictaluri purA gene
Edwardsiella ictaluri genomic DNA preparation. Edwardsiella ictaluri genomic 
DNA was prepared from an overnight 100 ml culture of strain 93-146 using a modification of the 
protocol by Ausubel et al. (1994). Bacteria were pelleted by centrifugation at 5000 x g  for 
10 minutes and resuspended in 9.5 ml TE (10 mM Tris and 1 mM EDTA, pH 8.0). Cells were 
lysed in 0.5% sodium dodecyl sulfate (SDS) and 100 pg/ml of proteinase K (Amresco) at 50 °C 
for 2 hours. Following the addition of 1.8 ml of 5 M NaCl and 1.5 ml of 0.7 M NaCl/10% CTAB 
(hexadecyltrimethyl ammonium bromide) (Sigma Chemical Co.), the lysate was incubated for 
20 minutes at 65 °C. An equal volume of25:24:1 phenol/chloroform/isoamyl alcohol was added, 
and the aqueous phase was separated by centrifugation at 4000 x g for 20 minutes in a swinging 
bucket rotor. The aqueous layer containing genomic DNA was transferred to a fresh tube and an 
equal volume of 24:1 chloroform/isoamyl alcohol was added. The aqueous phase was separated 
again by centrifugation and transferred to a fresh tube. DNA was precipitated by addition of 
sodium acetate (pH 5.5) to 0.3 M followed by addition of an equal volume of isopropanol. The 
precipitated DNA was spooled from the aqueous-isopropanol interface using a sterile glass rod, 
washed in 70% ethanol, and resuspended in 3 ml of TE buffer. DNA concentration and purity
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were evaluated at 260 and 280 nm wavelengths in a spectrophotometer, and aliquots were stored 
at -20 °C.
Polymerase chain reaction (PCR). Published sequences of purA genes from£. coli 
(Wolfe and Smith 1988), Bacillus subtilis (Mantsala and Zalkin 1992), and Thiobacillus 
ferrooxidans (Kusano et al. 1993) were aligned using the Gap function of the Wisconsin 
Sequence Analysis Package (Genetics Computer Group, Madison, WI), and conserved regions 
were identified. The E. coli purA sequence was analyzed for PCR primer suitability within these 
conserved regions using PC/Gene (Intelligenetics, Mount View, CA), and two primers (PurAUl 
and PurALl) that would amplify an 1104 base pair fragment of the E  ictaluri gene were selected. 
Primers were synthesized using solid-pbase cyanoethyl phosphoramidite chemistry on a Perkin 
Elmer/Applied Biosystems DNA Synthesizer Model 394 (Perkin Elmer, Foster City, CA).
Primer sequences are listed in Appendix B.
The 1104 base pair E. ictaluri purA gene fragment was amplified by PCR on a DNA 
Thermal Cycler 480 (Perkin Elmer) using AmpliTaq DNA Polymerase (Perkin Elmer) with 
E. ictaluri genomic DNA as the template and primers PurAUl and PurALl. Conditions were 
optimized by varying concentrations of template DNA, primers, and deoxynucleotide 
triphosphates (dNTPs) (Perkin Elmer), and varying the annealing temperature. Magnesium 
concentration and pH were optimized using the PCR Optimizer Kit (Invitrogen, San Diego, CA). 
Reaction products were analyzed by agarose gel electrophoresis at 5 V/cm using 3% gels in a 
horizontal electrophoresis unit Gels were stained with ethidium bromide at 0.5 pg/ml and 
visualized with UV light Optimal PCR conditions were at pH 8.5 with a magnesium 
concentration of 1.5 mM using 125 ng template DNA per reaction, and at concentrations of 
0.25 pM for each primer and 30 pM for each dNTP. Cycle conditions were at 95 °C for 
30 seconds, 53 °C for 45 seconds, and 72 °C for 45 seconds for 35 cycles, with an initial 
denaturation step at 95 °C for 2 minutes and a final extension step at 72 °C for 10 minutes. To
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increase PCR product yield, a second PCR reaction was carried out using the product from the 
first PCR reaction as the template (0.5 pi of a 1/10 dilution) under the same conditions.
Goning and sequencing the £  ictaluri purA PCR fragment The 1104 base pair 
£  ictaluri purA PCR fragment was ligated into pBluescript SK(-) (Stratagene, LaJolla, CA) to 
facilitate sequencing (Figure 4). pBluescript DNA was isolated from £  coli XLl-Blue MRF 
using a protocol for small-scale preparations of plasmid DNA by alkaline lysis (Sambrook et al. 
1989). The plasmid was linearized by digesting 4 pg of DNA with EcoK V (New England 
Biolabs, Beverly, MA) at 37 °C for 4 hours. Complete digestion was confirmed by agarose gel 
electrophoresis in a 1% gel at 5 V/cm. The 1104 base pair E. ictaluri purA PCR fragment and 
EcoK V linearized pBluescript were both purified with the Elu-Quik DNA Purification Kit 
(Schleicher &Schuell, Keene, NH) according to the manufacturer’s protocol and eluted in 10 pi of 
TE buffer. The E. ictaluri purA PCR fragment was ligated to the EcoK V linearized pBluescript 
in a 1:1 molar ratio of ends using T4 DNA ligase (New England Biolabs) at 16 °C overnight
Escherichia coli XLl-Blue MRF was prepared for electroporation using the protocol of 
Ausubel et al. (1994) and stored in 20% glycerol in 50 pi aliquots at -80 °C. Washed bacteria 
were transfected with the ligation mix by electroporation in 0.2 cm cuvettes at 2.5 kV and 25 pF 
with the pulse controller set at 200 ohms. Bacteria were recovered at 37 °C for 1 hour in BHI 
broth and spread on LB/Amp/Tet plates with IPTG and X-gal for blue-white screening. White 
colonies were screened for inserts using small scale plasmid preparations by alkaline lysis and 
agarose gel electrophoresis in a 1% gel at 5 V/cm. Plasmid sizes were confirmed by digestion 
with Not I (New England Biolabs) and agarose gel electrophoresis. One clone of the appropriate 
size was selected and the plasmid was designated pEIl 1 (Figure 4).
Plasmid pEIl 1 DNA was isolated from £  coli XLl-Blue MRF using large scale alkaline 
lysis and purification with a Qiagen-tip 500 column (Qiagen, Chatsworth, CA) according to the 
manufacturer’s protocol. The plasmid DNA was denatured in 10 pg aliquots by incubation for

































Figure 4. Ligation of the 1104 base pair E. ictaluri purA PCR fragment into pBluescript. pBluescript was linearized by digestion with £cri R V 
and the purA PCR fragment was blunt-cnd ligated into this site to create pEl 11. 00
30 minutes at 37 °C in 0.2 M NaOH and 0.2 M EDTA and neutralized with 0.3 M sodium 
acetate. The DNA was precipitated with ethanol, washed with 70% ethanol, and stored in dry 
single-stranded pellets at -20 °C. Taquence Version 2.0 (United States Biochemical, Cleveland, 
OH) was used to sequence the insert on both strands. Primers were annealed to template by 
incubation at 45 °C for 10 minutes and labeled with a short extension reaction incorporating 
[a-35S]dATP (DuPont Medical Products, Wilmington, DE). Termination reactions utilizing the 
dideoxynucleotide chain termination method (Sanger et al. 1977) were carried out according to 
the manufacturer’s protocol. Sequencing reactions were resolved by denaturing gel 
electrophoresis using 6% acrylamide gels with 7.0 M urea in a 38 x 50 cm vertical electrophoresis 
apparatus. Primers T3 and T7, which bind to pBluescript at sites flanking the multiple cloning 
site, were used in the initial sequence reactions. Subsequent sequence reactions utilized primers 
that were produced from the generated sequence. Primer sequences and locations are listed in 
Appendix B. Sequence data was assembled using the Fragment Assembly System of the 
Wisconsin Sequence Analysis Package, and it was aligned with the E. coli purA gene sequence 
using the Gap function from the same package.
Library screening. An £  ictaluri genomic library was constructed by cloning £. 
ictaluri genomic DNA that had been partially digested with Sau3A I into the BamYL I site of AZap 
Express (Stratagene). Escherichia coli XLl-Blue MRF was infected with the library according 
to the AZap Express protocol and spread on three plates containing approximately 11,000 plaque 
forming units (pfu) per plate. Plaques were transferred to Nytran Plus 0.45 pm nylon membranes 
(Schleicher & Schuell) for 5 minutes. Phage DNA was released and denatured by saturating the 
membranes in 0.5 N NaOH and 1.5 M NaCl for 5 minutes, followed by neutralization with 0.5 M 
Tris-HCl (pH 8.0) and 1.5 M NaCl. Single-stranded DNA was fixed to the membranes with UV 
light in a Stratalinker 2400 (Stratagene) set on Autolink at 1200 pJ.
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The 1104 base pair E. ictaluri purA PCR fragment was denatured by boiling and labeled 
directly with horseradish peroxidase using the ECL direct nucleic acid labelling and detection 
system (Amersham Life Science, Arlington Heights, IL). Prehybridization, hybridization, and 
stringency washes were all performed in tubes at 41 °C according to the ECL protocol using a 
hybridization oven with an integral rotisserie device. Chemiluminescent detection in the presence 
of luminol was used to detect positive plaques, which were isolated and resuspended in SM 
buffer. Phage from positive plaques was used to infect E. coli XLl-Blue MRF and screened 
again using the same protocols for plaque lifts and hybridizations. A single positive clone was 
isolated from this second hybridization and screened two additional times until 100% of plaques 
were positive.
Excision of a plasmid containing the entire E. ictaluri purA gene. Escherichia coli 
XLl-Blue MRF in mid-log growth phase was infected with the purified AZap Express clone and 
ExAssist helper phage derived from M13 (Stratagene). Infected bacteria were incubated in LB 
broth for 2 hours at 37 °C to allow synthesis, packaging, and secretion of single strand copies of 
the pBK-CMV phagemid with insert XLl-Blue MRF was killed by heating at 70 °C and 
pelleted by centrifugation at 4000 x g  for 15 minutes. The supernatant containing filamentous 
phage was used to infect E. coli XLOLR, which does not allow maintenance of the ExAssist 
helper phage. Infected XLOLR was spread on LB/Kan plates to select for maintenance of the 
pBK-CMV phagemid clone, which was isolated from a kanamycin resistant colony using small 
scale plasmid preparation by alkaline lysis. The phagemid clone was designated pEI14 and used 
to transfect E. coli XLl-Blue MRF by electroporation in a 0.2 cm cuvette at 1.5 kV. Following 
selection on LB/Kan plates, plasmid pEI14 DNA was isolated from XL 1-Blue MRF using large 
scale alkaline lysis and purification on a Qiagen-tip 100 column (Qiagen) from an 
80 ml overnight culture.
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Restriction analysis, Southern hybridization, and DNA sequencing of pEI14.
Restriction analysis of pEI14 was conducted by digestion with Pst I, Not I, Sal I, BamH I,
EcoR I, EcoR V, Hind HI, Kpn I, and Xho I (New England Biolabs) using 400 ng of DNA per 
digest The digests were resolved by electrophoresis at 5 V/cm in 0.7% agarose gels with 160 ng 
DNA loaded per well. A restriction map of the pEI14 insert was constructed.
Southern hybridization of a 0.7% agarose gel containing Not I, Pst I, and Not I/Pst I 
digested pEI14 DNA confirmed that the plasmid contained the purA gene in its insert and 
localized the gene on the restriction map. The gel was prepared for transfer by washing once in 
0.2 N  HC1, twice in denaturation solution (0.5 M NaOH, 1.5 M NaCl), and twice in neutralization 
solution (0.5 M Tris, 3 M NaCl). DNA was transferred to Nytran Plus 0.45 pm nylon 
membranes using the PosiBlot 30-30 pressure blotter and pressure control station at 60-70 mm 
Hg for 1 hour (Stratagene). Labeled E  ictaluri purA PCR fragment was used as the probe for 
hybridization, which was carried out in tubes using the ECL direct nucleic acid labeling and 
detection system at 41 °C.
The DNA sequence of a portion of the pEI14 insert was known from the sequence of the 
E  ictaluri purA PCR fragment The remainder of the pEI14 insert was sequenced from the Not I 
site in the pBK-CMV multiple cloning site to the Not I site in the insert (about 3.5 kilobases) 
using the ABI Prism Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer). This 
cycle sequencing system uses AmpliTaq DNA Polymerase, FS (Perkin Elmer) with dye-labeled 
dideoxynucleotide terminators. Each reaction used 500 ng of double stranded pEI14 with a 
primer concentration of 1 pM. Cycle conditions were at 96 °C for 30 seconds, 50 °C for 
15 seconds, and 60 °C for 4 minutes for 25 cycles. Extension products were purified using 
Centri-Sep spin columns (Princeton Separations, Adelphia, NJ), dried in a vacuum centrifuge, and 
stored at -20 °C. Sequencing reactions were resolved using the ABI Prism 310 Genetic Analyzer 
(Perkin Elmer).
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Initial sequence reactions used primers based on the known sequence of the £  ictaluri 
purA PCR fragment, and subsequent sequence reactions utilized primers that were produced from 
the generated sequence. Primer sequences and locations are listed in Appendix B. The DNA 
sequence of the entire purA gene was determined for both strands, while the sequence of flanking 
regions was determined for only a single strand. Sequence data was assembled using the 
Fragment Assembly System of the Wisconsin Sequence Analysis Package. Comparison of the 
£  ictaluri purA gene sequence to other prokaryotic purA genes was carried out using the Gap 
function from the Wisconsin Sequence Analysis Package.
Deletion/insertion mutagenesis of the cloned £  ictaluri purA gene
Subcloning the £  ictaluri purA gene into pBluescript. A 3.5 kilobase Not I fragment 
of the pEI14 insert was subcloned into pBluescript to facilitate mutagenesis of the £  ictaluri 
purA gene (Figure 5). pBluescript DNA was isolated from a 40 ml culture of XLl-Blue MRF 
by large scale alkaline lysis and purified with a Qiagen-tip 100 column. pBluescript DNA was 
linearized by digesting 5 gg of DNA withVof I for 4 hours at 37 °C. The enzyme was inactivated 
by incubating at 65 °C for 20 minutes, and the 5' phosphate group of the linearized DNA was 
removed by treatment with 500 units of calf intestinal alkaline phosphatase (CIP) (New England 
Biolabs) at 37 °C for 1 hour. Phosphatase was inactivated by incubation at 75 °C for 10 minutes 
and removed by phenol/chloroform extraction. DNA was precipitated with ethanol, washed with 
70% ethanol, and resuspended in 10 gl of sterile distilled water. Complete digestion was 
confirmed by electrophoresis in a 1% agarose gel at 5 V/cm.
The 3.5 kilobase Not I fragment from the pEI14 insert was isolated by digesting 2 gg of 
DNA with Wot I at 37 °C for 4 hours and subjecting the digest to electrophoresis in a 0.7% 
agarose gel at 5 V/cm The gel was stained with ethidium bromide at 0.5 gg/ml, viewed with 
long-wave UV light, and the 3.5 kilobase band was cut out of the gel with a razor blade. DNA 
was eluted from the agarose using the Elu-Quick DNA Purification Kit and resuspended in 10 gl















Figure 5. Subcloning of a portion ofthepEI14 insert into pBluescript. Plasmid pEI 14 was 
isolated from an E. ictaluri genomic library; it contains a 5.6 kilobase fragment of the E. ictaluri 
chromosome. A 3.5 kilobase Not I fragment that contains the entire E. ictaluri purA gene and 
over 2200 base pairs of flanking chromosomal sequence was isolated from pEI14 and ligated into 
the Not I site of pBluescript to create pEI15.
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of sterile distilled water. The 3.5 kilobase Not I fragment was ligated to the CIP treated 
pBluescript in a 1:1 molar ratio of ends using T4 DNA ligase at 16 °C overnight
Escherichia coli XLl-Blue MRF* was transfected with the ligation mix by 
electroporation in 0.2 cm cuvettes at 1.75 kV, recovered for 1 hour, and spread on LB/Amp/Tet 
plates with IPTG and X-gal for blue-white screening. White colonies were screened for inserts 
using small scale plasmid preparations by alkaline lysis and agarose gel electrophoresis in a 0.7% 
agarose gel at 5 V/cm. One colony with the correct sized insert was used to inoculate a 40 ml 
overnight culture, and plasmid DNA was isolated by large scale alkaline lysis and puriiication on 
a Qiagen-tip 100 column. Restriction digests with EcoR I, Pst I, and Sal I were used to confirm 
correct ligation of the insert, and this plasmid was designated pEI15 (Figure 5).
Deletion/insertion mutagenesis of the E. ictaluri purA gene. The E. ictaluri purA 
gene in pEI15 was interrupted by deletion of a 598 base pair Nar I fragment and insertion of the 
kanamycin resistance gene from TnP03 (Figure 6). Plasmid pNK2859 (Kleckner et al. 1991) 
DNA was isolated from E. coli DH5a using large scale alkaline lysis and purification on a 
Qiagen-tip 100 column. Four pg of plasmid pEI15 were digested with Nar I to remove a 598 
base pair fragment from the purA gene sequence, and 6 pg of pNK2859 were digested with 
BamS. I to isolate a 1.7 kilobase fragment containing the Tn903 kanamycin resistance gene. Both 
digests were treated with 1 unit/pg DNA of Klenow fragment from DNA polymerase I (New 
England Biolabs) in the presence of dNTPs (33 pM each) to fill in the sticky ends. Klenow was 
inactivated by incubation at 75 °C for 10 minutes with 0.5 M EDTA. The 1.7 kilobase fragment 
from pNK2859 was isolated by agarose gel electrophoresis, and the correct sized band was eluted 
from the agarose using the Elu-Quick DNA Purification kit Plasmid pEI15 was treated using the 
same techniques to isolate the larger 5.9 kilobase band from the small Nar I fragment The 
5.9 kilobase band from pEI15 was blunt end ligated to the 1.7 kilobase band from pNK2859 in a 
2:1 ratio of insert to vector using T4 DNA ligase at 16 °C overnight










Figure 6. Deletion/insertion mutagenesis of the E. ictaluri purA gene. A 1.7 kilobase BamR I 
fragment containing the kanamycin resistance gene from Tn903 was isolated from pNK2859. A 
598 base pair fragment was cut out of the middle of the purA gene in pEIl 5 by digestion with 
Nar I, and the 1.7 kilobase TnPOJ kanamycin resistance cassette was ligated into the Nar I 
deletion site to create pEI16.
BamHI
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Escherichia coli XL 1-Blue MRF was transfected with the ligation mix by 
electroporation in 0.2 cm cuvettes at 1.75 kV, recovered for 1 hour, and spread on LB/Amp/Kan 
plates. Colonies were screened by small scale plasmid preparations, and plasmid DNA was 
isolated from a 50 ml culture using large scale alkaline lysis and purification on a Qiagen-tip 100 
column. Ligation was confirmed using restriction digests with EcoK I, Pst I, Sal I, and Not I.
This 7.6 kilobase plasmid was designated pEI16 (Figure 6).
Subcloning the purA::Kmr gene into pGP704. The pEI16 insert was subcloned into 
the suicide plasmid pGP704 (Miller and Mekalanos 1988) (Figure 7). Plasmid pGP704 DNA 
was isolated from £  coli CC118 kpir by large scale alkaline lysis, purified on a Qiagen-tip 100 
column, and linearized by digesting with £coR V. Plasmid pEI16 DNA was digested with Not I 
to remove the 4.6 kilobase insert, and the Not I sites were filled in using Klenow fragment from 
DNA polymerase I. The 4.6 kilobase insert from pEI16 was isolated using agarose gel 
electrophoresis and eluted with the Elu-Quik DNA Purification kit. This fragment was blunt end 
ligated into the £coR V site of pGP704 in a 1:1 molar ratio of ends using T4 DNA ligase.
Escherichia coli CC118 kpir was transfected with the ligation mix by electroporation in 
0.2 cm cuvettes at 1.75 kV, recovered for 1 hour, and spread on LB/Amp/Kan plates. Colonies 
were screened for inserts using small scale plasmid preparations by alkaline lysis. The resulting 
8.5 kilobase plasmid was prepared by large scale alkaline lysis, purified on a Qiagen-tip 100 
column, and confirmed by restriction digests with EcoR I, Pst I, and Sal I. This plasmid was 
designated pEI17 (Figure 7).
Construction and characterization of a purA mutant strain of £  ictaluri
Conjugation and homologous recombination. Conjugation was conducted between £  
coli strain SM10 kpir carrying pE117 and £  ictaluri 93-146 using a modification of the protocol 
by de Lorenzo and Timmis (1994). Plasmid pEI17 is a derivative of pGP704 that contains a 
mutated copy of the £  ictaluri purA gene and 2200 base pairs of flanking £  ictaluri























Figure 7. Subcloning of the pEI16 insert into the suicide plasmid pGP704. Plasmid pEI16 was 
digested with Not I to isolate its 4.6 kilobase insert carrying the A/wM::Kmr gene and flanking 
E. ictaluri chromosome. The Not I fragment was ligated into the EcoK V site in the multiple 
cloning site of pGP704 to create pEI17.
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chromosomal sequence. The cell densities of an £  ictaluri culture grown to mid-log phase and 
an overnight SM10 kpir culture were estimated by measuring absorbance at a wavelength of 
600 nm, and the two bacteria were mixed in 5 ml 10 mM MgSO< in a 2:1 ratio (approximately 
1.3 x 108 E. ictaluri and 6.5 x 107 E. coli). Bacteria were collected on a Gelman 0.45 jiM 
Metricel filter (Gelman Sciences, Ann Arbor, MI), transferred to the surface of an LB plate, 
incubated overnight at 28 °C, and resuspended in 5 ml 10 mM MgS04. The total number of 
E. ictaluri in this suspension was determined by dropping 20 pi samples from serial dilutions on 
LB/Col plates and counting after 2 days. Mutant E. ictaluri colonies were selected by spreading 
100 pi aliquots of the suspension on LB/Kan/Col plates. Two hundred fifty kanamycin resistant 
colonies were screened for ampicillin sensitivity by transferring colonies to LB/Amp/Kan plates.
Phenotypic characterization and stability of LSU-E2. Edwardsiella ictaluri colonies 
resistant to kanamycin and sensitive to ampicillin were considered potential adenine auxotrophic 
mutants. Mutant phenotypes were confirmed by screening for growth in E. ictaluri defined 
minimal media broth with and without supplemented adenine (25 pg/ml). Adenine auxotrophs 
were further characterized by comparing their growth to wild-type E. ictaluri on TSAII plates 
with 5% sheep blood. The biochemical phenotype of the adenine auxotrophs was compared to 
wild-type E. ictaluri using API 20E strips. Small scale plasmid preparations were conducted to 
compare the plasmid profile with wild-type.
One of these adenine auxotrophs was designated LSU-E2, and the stability of the adenine 
auxotrophic phenotype in this mutant was tested in a non-selective medium. Isolated colonies of 
LSU-E2 were used to start two 5 ml overnight cultures in BHI broth. These first overnight 
cultures were used to start a second pair of overnight cultures by transferring 50 pi of culture to 
fresh 5 ml BHI tubes. This procedure was repeated for a total of 30 passes through overnight 
BHI broth cultures. The final two 5 ml cultures were pelleted by centrifugation in a swinging 
bucket rotor at 4750 x g for 10 minutes. The pellets were resuspended in 0.9 ml of sterile 0.9%
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saline, and nine 100 pi aliquots from each were spread on E  ictaluri defined minimal media 
plates and checked for growth 4 days later. Serial dilutions of the suspension were dropped in 
20 pi aliquots on BHI plates and counted 2 days later.
Complementation of adenine auxotrophic E  ictaluri. Edwardsiella ictaluri LSU-E2 
was prepared for electroporation using the protocol by Ausubel et al. (1994). Plasmid pEI15, 
which carries the E. ictaluri pur A gene and 2.2 ldlobases of flanking E  ictaluri chromosomal 
sequence, was used to transfect LSU-E2 by electroporation using 0.2 cm cuvettes at 1.75 kV and 
25 pF with the pulse controller set at 200 ohms. Bacteria were recovered at 28 °C for 1 hour and 
spread on LB/Amp plates. Serial dilutions of the cell suspension were dropped on LB plates. 
Ampicillin resistant LSU-E2 colonies were checked for growth in E. ictaluri defined minimal 
media broth with and without supplemented adenine (25 pg/ml), and they were streaked on 
TSAII plates with 0.5% sheep blood to compare growth characteristics with ampicillin sensitive 
LSU-E2.
Polymerase chain reaction (PCR) amplification and DNA sequence confirmation of 
the LSU-E2purA::Kmr construct. Genomic DNA was prepared from E. ictaluri strain 
LSU-E2 using the procedure already described. Edwardsiella ictaluri 93-146 genomic DNA and 
genomic DNA from LSU-E2 were used as templates for a series of PCR. reactions to confirm the 
genotype of LSU-E2. Plasmid pEI17 DNA was used as a positive control for the reactions. 
Polymerase chain reaction was conducted on a DNA Thermal Cycler 480 using AmpliTaq DNA 
Polymerase and Buffer A (pH 8.5 and magnesium concentration of 1.5 mM) from the PCR 
Optimizer Kit (Invitrogen). Primer concentrations were 0.5 pM each per reaction, dNTP 
concentrations were 100 pM each per reaction, and 100 ng of template DNA was used per 
reaction. Cycle conditions were at 95 °C for 30 seconds, 59 °C for 1 minute, and 72 °C for 
3 minutes for 35 cycles, with an initial denaturation step at 95 °C for 2 minutes and a final 
extension step at 72 °C for 10 minutes. Reaction products were analyzed by agarose gel
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electrophoresis at 5 V/cm using 0.7-1.5% gels in a horizontal electrophoresis unit. Gels were 
stained with ethidium bromide at 0.5 pg/ml and visualized with UV light Primer sequences are 
listed in Appendix B; all primers were synthesized using solid-phase cyanoethyl phosphoramidite 
chemistry on a Perkin Elmer/Applied Biosystems DNA Synthesizer Model 394.
Edwardsiella ictaluri 93-146 genomic DNA and LSU-E2 genomic DNA were used as 
templates in separate PCR reactions for each set of primers. Primer pairs were 903Kan+ and 
903Kan- (specific for Tn903 sequence), pBRAmp+ and pBRAmp- (specific for the ampicillin 
resistance gene sequence on pEI17), PurAUl (specific for E. ictaluri purA gene sequence) and 
903Kan+, and PurAMl 1 (specific for the E. ictaluri purA gene sequence) and Tn903M2 
(specific for Tn903 sequence).
The PurAUl/903Kan+ PCR product amplified from LSU-E2 DNA and the 
PurAMl l/Tn903M2 PCR product amplified from LSU-E2 DNA were both sequenced to confirm 
their identities. Products were purified using Centricon 100 concentrators (Amicon, Beverly, 
MA). Each reaction was diluted in 2 ml of sterile distilled water and concentrated according to 
the manufacturer’s protocol. The ABI Prism Dye Terminator Cycle Sequencing Ready Reaction 
Kit (Perkin Elmer) with AmpliTaq DNA Polymerase, FS was used to sequence the fragments. 
Each reaction used 100 ng of PCR product with a primer concentration of 1 pM. Cycle 
conditions were at 96 °C for 30 seconds, 50 °C for 15 seconds, and 60 °C for 4 minutes for 25 
cycles. Extension products were purified using Centri-Sep spin columns (Princeton Separations), 
dried in a vacuum centrifuge, and stored at -20 °C. Sequencing reactions were resolved using the 
ABI Prism 310 Genetic Analyzer (Perkin Elmer).
Primer PurAUl was used to sequence the PurAUl/903Kan+ PCR product, and 
PurAMl 1 was used to sequence the PurAMl l/Tn903M2 PCR product Generated sequence was 
aligned with the E. ictaluri purA gene sequence and the Tn903 gene sequence using the 
Wisconsin Sequence Analysis Package (Genetics Computer Group).
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Cloning and sequencing the E  ictaluri purA gene
PCR amplification and gene cloning. Primers PurAUl and PurALl successfully 
amplified an 1104 base pair fragment of the E. ictaluri purA gene. Under optimal PCR 
conditions only the 1104 base pair fragment was visible by agarose gel electrophoresis (Figure 8). 
This fragment was cloned into pBluescript, and sequencing of the cloned fragment confirmed a 
portion of the E. ictaluri purA gene had been amplified. The E  ictaluri purA PCR fragment had 
79.1% identity with the E  colipurA gene when they were aligned.
The E. ictaluri purA PCR fragment was labeled and used to probe an E. ictaluri genomic 
library in XZap Express. Out of approximately 33,000 pfu in the E. ictaluri library screened, five 
clones were selected for rescreening. Only one of these five was strongly positive when they were 
rescreened; another was weakly positive, and the remaining three were negative. The strongly 
positive clone was purified by two additional screening steps until 100% of the plaques were 
positive, and excision of the clone yielded plasmid pEI14.
Restriction analysis and Southern hybridization. Restriction analysis and Southern 
hybridization using the labeled E  ictaluri purA PCR fragment as a probe confirmed that pEI14 
carried the E. ictaluri purA gene in its insert Using these data a restriction map was generated, 
and the purA gene was localized to a 2.6 kilobase Pst I fragment in the insert located 
approximately 1 kilobase pairs from one end and 2.1 kilobase pairs from the other end of the 
insert Results of restriction digests using Not I, Pst I, and Sal I and Southern hybridization of the 
fragments are shown in Figure 9 and Figure 10. A restriction map of the pEI14 insert showing 
the results of digestion with Pst I, Not I, Sal I, BamK I, EcoR. I, EcoR V, Hind IE, Kpn I, and 
Xho I is shown in Figure 11 (the map shown was generated using sequence data determined later). 
The location of the purA gene in the insert is indicated.
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Figure 8. Edwardsiella ictaluri purA PCR product (agarose gel stained with ethidium bromide). 
Lane 1: 1 kilobase ladder (Gibco).
Lane 2: E. ictaluri purA PCR fragment (L104 base pairs).
Lane 3: linearized pBluescript (2.95 kilobases).
Lane 4: linearized pEIl 1 (E. ictaluri purA PCR product cloned into pBluescript) (4.05 
kilobases). This plasmid was used to sequence the purA fragment











Figure 9. Plasmid pEI14, containing a 5.6 kilobase segment of the E. ictaluri chromosome in the 
Bamtt I site of pBK-CMV (agarose gel stained with ethidium bromide). The plasmid was 
excised from the purified XZap Express clone.
Lane 1: 1 kilobase ladder (Gibco).
Lane 2: 1104 base pair E. ictaluri purA PCR product.
Lane 3: linearized pBK-CMV.
Lane 4: pEI14 Not I digest 
Lane 5: pEI 14/to  I digest 
Lane 6: pEI14 Sal I digest.
Lane 7: pEI14 Not I -Pst I double digest.
Lane 8: pEI14 Not I-Sal I double digest.
Lane 9: 1 kilobase ladder.
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Figure 10. Southern hybridization of the agarose gel shown in Figure 9 using the labeled 1104 
base pair £  ictaluri purA PCR fragment as a probe (Amersham ECL chemiluminescent 
detection). Lanes 1,3, and 9 were negative.
Lane 2: 1104 base pair £  ictaluri purA PCR product.
Lane 4: 3.8 kilobase band from the pEI14 insert.
Lane 5: 2.7 kilobase band from the pEI14 insert.
Lane 6: 10.5 kilobase linearized pEI14.
Lane 7: 2.7 kilobase band from the pEI14 insert.
Lane 8: 3.8 kilobase band from the pEI 14 insert.









































MCS purA gene Kan
Figure 11. Restriction map of thepEI14 insert. The locations of all the restriction sites from the Not I site in the multiple cloning site of
pBK-CMV to the Not I site in the insert have been confirmed using sequence data. The locations of the restriction sites between the Not 1 site in the
insert and the multiple cloning site at the other end of the insert arc based on restriction digests. jo
96
Sequencing results. Over 3500 base pairs of the pEI14 insert were sequenced from the 
Not I site in the multiple cloning site of pBK-CMV to a Not I site in the insert, which included the 
entire K  ictaluri purA gene sequence for both strands (Figure 12). Results of comparisons of the 
E. ictaluri purA gene sequence and its deduced amino acid sequence with the corresponding 
sequences from E. coli, Bacillus subtilis, Thiobacillus ferrooxidans, Vibrio parahaemolyticus, 
Haemophilus influenzae, Brucella abortus, and Spiroplasma citri are shown in Table 1. The E. 
ictaluri purA gene has high GC content (59.1%), which reflects an overall high GC content in the



















1299 53.8 79.3 85.7 91.9
Vibrio para­
haemolyticus
1317 46.0 69.4 75.5 88.2
Haemophilus
influenzae
1299 41.3 65.5 73.7 88.0
Thiobacillus
ferrooxidans
1290 59.5 58.9 59.1 76.3
Brucella
abortus
1206 60.6 57.9 50.9 68.3
Bacillus
subtilis
1293 47.1 52.6 44.9 64.7
Spiroplasma
citri
1308 30.9 45.2 39.0 61.0
♦Percent identities and similarities based on comparison to the £  ictaluri purA gene
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1 TGATGGTTTATTGCGCCGCTATGGCGGAGGTCTAGTGGTTGCTGGGCTGG 50
51  TTATCTACTACATGTTGCGTAGTCGCCTCGGCGGCTGATATGTCAGACAA 100
101  AAT TT GC GCAAT C GT GT GC GAAAAAAGCT GAAAGCT GAAAAAT GAGGT GG 150
M G K N V
15 1  TAGAAT C CAT T T T TAACAAC GT GGT GAATAGCTAAAAT GGGCAAGAAC GT 2 0 0
V V L G T Q W G D E G K G K V V D  
2 0 1  CGTCGTACTGGGCACCCAATGGGGTGACGAAGGTAAAGGTAAGGTCGTAG 2 5 0
L L T E R A K Y V V R Y Q G G H  
2 5 1  ACCTCTTAACTGAACGGGCCAAGTATGTTGTACGCTATCAGGGCGGGCAC 300
N A G H T L V I N G E K T V L H L  
3 0 1  AACGCGGGCCATACGCTAGTCATTAACGGTGAAAAAACCGTTCTGCATCT 350
I P S G I L R E N V V S I I A N G  
3 5 1  GATTCCCTCAGGTATTCTGCGCGAAAATGTCGTCAGTATTATTGCCAACG 400
V V L A P D A L L R E M T E  L E  
4 0 1  GCGTTGTTCTGGCGCCGGATGCGCTGCTGCGCGAAATGACCGAGCTGGAA 450
A R G V P V R E R L L L S E A C P  
4 5 1  GCGCGCGGTGTACCGGTGCGCGAGCGTCTGCTGCTCTCTGAAGCCTGTCC 500
L I  L P Y H V A L D N A R E  K A R  
5 0 1  GCTGATCCTGCCGTATCACGTTGCGCTGGACAATGCACGTGAGAAAGCAC 550
G A K A I  G T T G R G I  G P A Y  
551  GCGGCGCCAAGGCTATCGGCACCACCGGTCGCGGCATTGGCCCGGCCTAT 600
E D K V A R R G L R V G D L  F D K  
6 01  GAAGACAAAGTGGCCCGCCGCGGTCTGCGCGTCGGCGACCTGTTTGATAA 650
A S  F A V K L K E I M E Y H N F Q  
6 51  AGCCAGCTTCGCCGTTAAGCTGAAAGAGATTATGGAGTACCATAACTTCC 700
L V N Y Y H V D A V D Y Q S V L  
7 0 1  AGCTGGTGAACTACTACCACGTCGATGCCGTTGATTACCAGAGCGTGCTG 750
D E V M A V A D L L T S M V V D V  
7 5 1  GATGAAGTGATGGCGGTTGCCGATCTGCTGACCAGCATGGTGGTTGACGT 800
A D  L L N K A Y R N G E Y V M F E  
8 0 1  TGCCGATCTACTGAACAAGGCCTATCGCAACGGCGAATATGTGATGTTCG 850
G A Q G T L L D I D H G T Y P Y  
851  AAGGTGCCCAGGGCACCCTGCTGGATATCGACCACGGTACCTATCCGTAC 900
Figure 12. Edwardsiella ictaluri purA gene sequence and deduced amino acid sequence.
(Figure 12 cont’d.)
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V T S S N T T A G G V A T G S G I  
9 0 1  GTGACCTCCTCCAACACGACCGCTGGTGGCGTCGCGACCGGCTCCGGTAT 950
G P R R V D Y V L G I V K A Y S T  
9 51  CGGCCCGCGCCGCGTGGACTATGTGCTGGGTATCGTCAAGGCGTACTCTA 1000
R V G A G P F P T E L F D S V G  
1 0 0 1  CCCGCGTGGGCGCCGGTCCGTTCCCGACTGAGCTGTTCGATAGCGTCGGT 1050
E F L C E K G N E  F G A T T G R R  
1 0 5 1  GAGTTCCTGTGCGAGAAGGGTAACGAGTTTGGTGCCACCACCGGTCGCCG 1100
R R T G W L D A V A V R R A V E  L 
1 1 0 1  CCGCCGTACCGGCTGGCTGGACGCCGTTGCCGTGCGCCGCGCCGTAGAGC 1150
N S L S G F C L T K L D V L D G  
1 1 5 1  TGAACTCGCTGTCTGGCTTCTGCCTGACCAAGCTGGATGTGCTGGACGGC 1200
L D E V K I  C V G Y R L P D G R E  
1 2 0 1  CTGGATGAAGTGAAAATCTGCGTAGGCTATCGCCTGCCGGATGGCCGCGA 1250
V D V T P  L A A E G W E  G I E  P I  
1 2 5 1  AGTCGATGTAACGCCGTTGGCTGCTGAGGGCTGGGAAGGCATAGAGCCGA 1300
Y E V L P G W K E S T F G V K L  
1 3 0 1  TCTACGAAGTGCTGCCGGGCTGGAAAGAGAGCACCTTCGGCGTGAAGTTG 1350
R D G L P Q A A L N Y I K R I E E  
1 3 5 1  C GT GAC GGGCT GC C GCAGGC GGCACT GAACTACAT CAAAC GTAT T GAAGA 1400
V T G V P V D I I S T G P D R E E  
1 4 0 1  AGTTACCGGTGTGCCGGTCGATATCATCTCTACCGGTCCGGACCGTGAAG 1450
T I V L R H P F D A *
1 4 5 1  AGACCATCGTGCTGCGTCATCCGTTCGATGCTTAATGACCCGATGCGTTA 1500
15 0 1  TTCAACAAACCGGCCTTATGGCCGGTTTGTTGTTTTGAGCGACT 1 5 4 4
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E. ictaluri chromosome (53 mol%) (Hawke et al. 1981). Only the Thiobacillus ferrooxidans and 
the Brucella abortus purA genes are higher (59.5% and 60.6% respectively), and both of these 
species have high overall GC content (Krieg 1984). The Spiroplasma citri purA gene has low 
GC content, which is typical for the species (Krieg 1984). The purA GC content for the other 
bacterial species also agree with their reported overall GC contents (Krieg 1984).
The gene lengths of the E  ictaluri, E. coli, and Haemophilus influenzae purA genes 
were all identical at 1299 base pairs, and most of the other genes were within nine base pairs of 
this length. The highest identity at the nucleotide and amino acid levels were with E. coli (79.3% 
and 85.7% respectively). Amino acid similarity with E  coli was very high (91.9%). Vibrio 
parahaemolyticus and Haemophilus influenzae also had high identity with E. ictaluri at the 
nucleotide and amino acid levels, and amino acid similarity was comparable to E. coli. Identity 
was not as high with the other Gram-negative bacteria and with Bacillus subtilis and 
Spiroplasma citri, but all had amino acid similarity with E. ictaluri that were >60%.
Alignment of the E. ictaluri purA gene with the E. coli purA gene is shown in Figure 13. 
As indicated earlier, both have open reading frames of 1299 base pairs. Translation for both is 
initiated by an AUG codon and terminated by a TAA codon. In E. coli, a 6 base pair Shine- 
Dalgamo sequence (GGTGAT) was identified 8 base pairs upstream of the start codon (Wolfe 
and Smith 1988). A 6 base pair sequence (GGTGAA) that is similar to the E  coli Shine- 
Dalgamo sequence is present 8 base pairs upstream of the start codon in E  ictaluri.
As in £  coli, the E. ictaluri purA gene appears to be in a monocistronic operon. The 
promoter sequence for initiation of transcription for the E. coli purA gene was identified as 
CTGTAA-(17 base pairs)-TAGAAT-(7 or 8 base pairs)-RNA start (Wolfe and Smith 1988).
The -10 and - 35 regions upstream of the E  ictaluri purA gene are very similar, with CTGAAA- 
(17 base pairs)-TAGAAT (Figure 13) located in the same position relative to the start codon as in
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E. i c t a l u r i  TGATGGTTTATTGCGCCGCTATGGCGGAGGTCT AGTGGTTGCTGGGCTGG 50
M l  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  
E. c o l i  CGATAATATTTTACGTCGTTTTGGCGGTGGACTTGTGGTTGCGGGCGTTG 50
E. i c t a l u r i  TTATCTACTACATGTTGCGTAGTCGCCTCGGCGGCTGATATGTCAGACAA 100  
I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I
E. c o l i  TGGTCTACTACATGTTGAGGAAAACGATTGGCTGAACAAAAAACAGACTG 100  
O p e r a to r  . . - 3 5
E. i c t a l u r i  AATTTGCGCA. . AT C GT GT GC GAAAAAAGCT GAAAGCT GAAAAAT GAGGT 148
I I I I  I I I I I I I I I I I I I I I I I I I I I I I
E. c o l i  AT CGAGGTCATTTTTGAGTGCAAAAAGTGCTGTAACTCTGRAAAAGCGAT 150  
- 1 0  . . SD. . S t a r t
E. i c t a l u r i  GGTAGAAT C CAT T TT TAACAAC GT GGT GAATAGCTAAAATGGGCAAGAAC 198
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
E.  c o l i  GGTAGAATCCATTTTTAAGCAAACGGTGATTTTGAAAAATGGGT.AACAAC 2 0 0  
•  •  •  •  ♦
E. i c t a l u r i  GT C GT C GT ACT GGGCACC CAAT GGGGT GAC GAAGGTAAAGGTAAGGT C GT 2 4 8  
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I | | I I I 
E. c o l i  GT C GT C GT ACT GGGCAC C CART GGGGT GAC GAAGGTAAAGGTAAGAT C GT 2 5 0  
• • ■ •  •
£ .  i c t a l u r i  AGAC CT CTTAACT GAACGGGCCAAGTAT GTT GT AC GCTAT CAGGGC GGGC 2 98 
I I  I I  I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I 
E . c o l i  CGATCTTCTGACTGAACGGGCTAAATATGTTGTACGCTACCAGGGCGGTC 3 0 0
E. i c t a l u r i  ACAACGCGGGCCATACGCTAGTCATTAACGGTGAAAAAACCGTTCTGGAT 348
I I I I I I I  I I I I I I I I I I  I I  I I  I I I I I I I I I I I I I I I I I I I I I I I
E . c o l i  ACAACGCAGGCCATACTCTCGTAATCAACGGTGAAAAAACCGTTCTCCAT 3 5 0  
• • • • •
E . i c t a l u r i  CTGATTCCCTCAGGTATTCTGCGCGAAAATGTCGTCAGTATTATTGCCAA 398
II I I I I I I I I I I I I I I I I I I I I I I I I I I II I  II II I II
E. c o l i  CTTATTCCATCAGGTATTCTCCGCGAGAATGTAACCAGCATCATCGGTAA 400
E. i c t a l u r i  CGGCGTTGTTCTGGCGCCGGATGCGCTGCTGCGCGAAATGACCGAGCTGG 448  
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
E. c o l i  CGGTGTTGTGCTGTCTCCGGCCGCGCTGATGAAAGAGATGAAAGAACTGG 450
E . i c t a l u r i  AAGCGCGCGGTGTACCGGTGCGCGAGCGTCTGCTGCTCTCTGAAGCCTGT 498
I I I  I I  I I  I I I  I I  I I  I I I I I I I I I I I I I I I I I I I I I I I I I
E. c o l i  AAGACCGTGGCATCCCCGTTCGTGAGCGTCTGCTGCTGTCTGAAGCATGT 500
E. i c t a l u r i  CCGCTGATCCTGCCGTATCACGTTGCGCTGGACAATGCACGTGAGAAAGC 548  
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I  I I I I I I I I I I I 
£ .  c o l i  CCGCTGATCCTTGATTATCACGTTGCGCTGGATAACGCGCGTGAGAAAGC 5 5 0
E. i c t a l u r i  ACGCGGCGCCAAGGCTATCGGCACCACCGGTCGCGGCATTGGCCCGGCCT 598  
I I  I I I I I I I  I I  I I I I I I I I I I I I I I I I I I I  I I  I I  I I  I I  I
E. c o l i  GCGTGGCGCGAAAGCGATCGGCACCACCGGTCGTGGTATCGGGCCTGCTT 600
Figure 13. Alignment of the £  ictaluri purA and E  coli purA genes. Shine-Dalgamo regions, 
promoter regions, and start and stop codons are indicated for both E. ictaluri and E. coli. 
Operator and terminator regions are indicated for £  ictaluri only (Wolfe and Smith 1988).
(Figure 13 cont’d.)
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E. i c t a l u r i ATGAAGACAAAGTGGCCCGCCGCGGTCTGCGCGTCGGCGACCTGTTTGAT 
1 1 1 1 II 1 1 1 1 1 1 II II 1 11 1 11 11 1 II II 1 1 1 1 1 1 1 1 II II
o\ CD
E. c o l i ATGAAGATAAAGTAGCACGTCGCGGTCTGCGTGTTGGCGACCTTTTCGAC 650
E. i c t a l u r i AAAGCCAGCTTCGCCGTTAAGCTGAAAGAGATTATGGAGTACCATAACTT 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
698
E. c o l i AAAGAAACCTTCGCTGAAAAACTGAAAGAAGTGATGGAATATCACAACTT 700
E. i c t a l u r i
•  • •  •  •
C CAGCT GGT GAACT ACTAC CAC GT C GAT GC CGTT GATTAC CAGAGC GT GC
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II II 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1
748
E. c o l i C CAGTT GGTTAACTACTACAAAGCT GAAGCGGTTGATTACCAGAAAGTT C 750
E. i c t a l u r i TGGATGAAGTGATGGCGGTTGCCGATCTGCTGACCAGCATGGTGGTTGAC 
1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
798
E. c o l i TGGATGATACGATGGCTGTTGCCGACATCCTGACTTCTATGGTGGTTGAC 800
E. i c t a l u r i GTTGCCGATCTACTGAACAAGGCCTATCGCAACGGCGAATATGTGATGTT 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1
848
E. c o l i GTTTCTGACCTGCTCGACCAGGCGCGTCAGCGTGGCGATTTCGTCATGTT 850
E. i c t a l u r i
•  • ♦ •  •
CGAAGGTGCCCAGGGCACCCTGCTGGATATCGACCACGGTACCTATCCGT 
1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
898
E. c o l i TGAAGGTGCGCAGGGTACGCTGCTGGATATCGACCACGGTACTTATCCGT 900
E. i c t a l u r i
• • • •  •
ACGTGACCTCCTCCAACACGACCGCTGGTGGCGTCGCGACCGGCTCCGGT 
1 1 1 1 II II 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I I 1 1 1 1 1
948
E. c o l i ACGTAACTTCTTCCAACACCACTGCTGGTGGCGTGGCGACCGGTTCCGGC 950
E. i c t a l u r i
• •  • « •
ATCGGCCCGCGCCGCGTGGACTATGTGCTGGGTATCGTCAAGGCGTACTC 
1 II 1 1 1 1 1 1 II II II II 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1
998
E. c o l i CTGGGCCCGCGTTATGTTGATTACGTTCTGGGTATCCTCAAAGCTTACTC 1000
E. i c t a l u r i
•  •  •  •  •
TACCCGCGTGGGCGCCGGTCCGTTCCCGACTGAGCTGTTCGATAGCGTCG 
II II II II II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 III 1
1048
E. c o l i CACTCGTGTAGGTGCAGGTCCGTTCCCGACCGAACTGTTTGATGAAACTG 1050
E. i c t a l u r i
•  •  •  •  •
GTGAGTTCCTGTGCGAGAAGGGTAACGAGTTTGGTGCCACCACCGGTCGC 1098
E. c o l i
E.  i c t a l u r i  CG 
I I
E. c o l i  CG
E.  i c t a l u r i  GC 
I I
E. c o l i  GC
E.  i c t a l u r i  GC 
I I
E. c o l i  GC
(Figure 13 cont’d.)
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E. i c t a l u r i  GAAGTCGATGTAACGCCGTT GGCT GCTGAGGGCTGGGAAGGCATAGAGCC 1 2 9 8
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I i
E. c o l i  GAAGTGACTACCACTCCGCTGGCAGCTGACGACTGGAAAGGTGTAGAGCC 1 3 0 0  
•  •  •  •  •
E. i c t a l u r i  GATCTACGAAGTGCTGCCGGGCTGGAAAGAGAGCACCTTCGGCGTGAAGT 1 3 4 8  
III  I I I I I I I II I I I I I I I I II I I I I I I I I I I I I I I I
E. c o l i  GATTTACGAAACCATGCCGGGCTGGTCTGAATCCACCTTCGGCGTGAAAG 1 3 5 0
E. i c t a l u r i  T GC GT GAC GGGCT GC C GCAGGC GGCACT GAACTACAT CAAAC GTATT GAA 1 3 9 8  
III III I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
E. c o l i  AT C GTAGC GGC CT GCC GCAGGC GGC GCT GAACTATAT CAAGC GTATT GAA 1 4 0 0  
•  • • • •
E. i c t a l u r i  GAAGTTACCGGTGTGCCGGTCGATATCATCTCTACCGGTCCGGACCGTGA 1 4 4 8
II I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I III
E. c o l i  GAGCTGACTGGTGTGCCGATCGATATCATCTCTACCGATCCGGATCGTAC 1 4 5 0
S to p
E. i c t a l u r i  AGAGACCATCGTGCTGCGTCATCCGTTCGATGCTTAATGACCCGATGC. . 1 4 9 6
I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I
E. c o l i  TGAAACCATGATTCTGCGCGACCCGTTCGACGCGTAATTCTGGTACGCCT 1 5 0 0
T e r m in a to r
E. i c t a l u r i . GTTATTCAACAAACCGGCCTTATGGCCGGTTTGTTGTTTTGAGCGA 1 5 4 2
I I I I I I I I I I I I I I I I
E. c o l i  GGCAGATATTTTGCCTGCCGGGCGAACAGTGTGATACATTGCTGTGTCGG 1 5 5 0
E. i c t a l u r i  CT 1544  
I
E. c o l i  GT 1552
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E. coli. The consensus promoter sequence for transcription in E. coli is TTGACA-(17 base 
pairs)-TATAAT-(5 to 9 base pairs)-RNA start (Hoopes and McClure 1987). The termination 
sequence for the mRNA transcript is not conserved between E  coli and E. ictaluri. Escherichia 
coli has two regions downstream of its stop codon that have the potential to form hairpin loops, 
and the second of these has the features of a p-independent terminator (Wolfe and Smith 1988). 
Edwardsiella ictaluri has a 13 base pair long inverted repeat beginning 17 base pairs 
downstream of the stop codon that has the potential to form a hairpin loop (Figure 13). This 
inverted repeat has a different sequence and is in a different location than the E. coli terminators, 
but it also has features that suggest it is capable of p-independent termination. These features 
include a region of GC rich split dyad symmetry followed by a string of T residues. The presence 
of this terminator is a good indication that the purA mRNA transcript contains no downstream 
genes.
Initiation of the purA transcript in E. coli is under the control of the PurR repressor 
protein and two 16 base pair palindromic operator sequences, one of which is located at the 5' end 
of the mRNA transcript and the other of which is located 90 base pairs upstream of the mRNA 
transcript (Zalkin and Nygaard 1996). Edwardsiella ictaluri does not have a similar sequence at 
either of these locations. However, it does have a 16 base pair sequence located approximately 
50 base pairs upstream of the start of the purA mRNA transcript (Figure 13) that aligns well with 
the 16 base pair consensus pur operator sequence in f. coli (Figure 14).
Several amino acids in the adenylosuccinate synthetase protein oiE. coli were tentatively 
assigned to the enzyme's active site by X-ray crystallography and directed mutagenesis, including 
Gly12, Gly15, Gly17, Lys18, He'9, and Lys331 (Poland et al. 1993). These amino acids are all 
conserved in the E. ictaluri deduced adenylosuccinate synthetase sequence except for Be19, which 
is replaced by a valine residue (Figure 15). Three other amino acids were located at the interface 
between monomers of the E. coli adenylosuccinate synthetase dimer by X-ray crystallography and
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p u r F
purMN
p u r T
p u r l
p u r E K
p u r e
p u r B
purHD
p u r A l
p u r A 2
guaBA
p u r R l
p u r R 2
p e r f e c t
p a l i n d r o m e
E. i c t a l u r i
p u r A
A C G C A A A C G T T T tC tT  
tC G C A A A C G T T T G C tT  
A C G C A A A C G T T T tC g T  
A C G C A A A C G g T T tC G T  
A C G C A A c C G T T T tC c T  
A C G C A A A C G TgTG C G T  
A C G C A A tC G g T T a C c T  
g C G C A A A C G T T T tC G T  
A g G a A A A C G a T T G g c T  
A a G C A A A C G g T g a ttT  
A tG C A A T C G g T T a C G c  
A g G C A A A C G T T T c C a c  
g  a G C A A A C G T T T c C a  c
A C G C A A A C G TTTG C G T
g C G C A A tC G T g T G C G a
Figure 14. Alignment of the pur operator sequences from £  coli and the purA operator 
sequence from E. ictaluri with a consensus 16 base pair palindromic sequence (Zalkin and 
Nygaard 1996).
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E. i c t a l u r i  MGKNWVLGTQWGDEGKGKWDLLTERAKYWRYQGGHNAGHTLVINGEK 50 
I  I •  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  :  I I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I  I  I  I I  I I
E. c o l i  MGNNWVLGTOWGDEGKGKIVDLLTERAKYVVRYOGGHNAGHTLVINGEK 50  
•  •  *  * •
E. i c t a l u r i  TVLHLIPSGILRENWSIIANGWLAPDALLREMTELEARGVPVRERLLL 100  
I I  I  I  I  I  I  I  I  I  I  I  I  I  I  •  I  I  I  :  I  I  I  I  I  .  I  .  I  I  :  :  I  I  .  I  I  I  .  I  I  :  I  I  I  I  I  I  I  I 
E. c o l i  TVLHLI PS GILRENVTS11GNGWLS PAALMKEMKE LE DRGIPVRERLLL 100  
•  •  •  * •
E. i c t a l u r i  SEACPLILPYHVALDNAREKARGAKAIGTTGRGIGPAYEDICVARRGLRVG 150  
11111111 - 11111111111111111111111111111111111111111 
E. c o l i  SEACPLILDYHVALDNAREKARGAKAIGTTGRGIGPAYEDj£VARRGL£VG 150
•  •  •  m m
E. i c t a l u r i  DLFDKASFAVKLKEIME YHNFQLVNYYHVDAVDYQSVLDEVMAVADLLTS 200
I I I I I - • I I I I I I : I I I I I I I I I I I I I I I I I • I I I : -  I I I I I : I I I
E. c o l i  DLFDKETFAEKLKEVMEYHNFQLVNYYKAEAVDYQKVLDDTMAVADILTS 200
•  •  •  •  ■
E. i c t a l u r i  m w d v a d l ln k a y r n g e y v m f e g a q g t l ld iE h g t y p y v t s s n t t a g g v a  250
I I  I  I  I . I  I  I I  I : : I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I
E. c o l i  MWDVSDLLDQARQRGDFVMFEGAQGTLLDIEHGTYPYVTSSNTTAGGVA 250
E. i c t a l u r i  TGSGIGPRRVDYVLGIVKAYSTRVGAGPFPTELFDSVGEFLCEKGNEFGA 300  
I  I  I  I  :  I  I  I I I  I  I I  I  I  :  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I I  .  .  I  I  I  I  I  .  .  I  I I  I  I  I 
E. c o l i  TGSGLGPRYVDYVLGILKAYSTRVGAGPFPTELFDETGEFLCKOGNEFGA 300
E. i c t a l u r i  TTGRRRRTGWLDAVAVRRAVELNSLSGFCLTKLDVLDGLDEVKICVGYRL 350  
I I I I I I I I I I I I - I I I I I I I : I I I I I I I I I I I I I I I I I I - I I I : I I : II :
E. c o l i  TTGRRRRTGWLDTVAVRRAVOLNSLSGFCLTKLDVLDGLKEVKLCVAYRM 350
E. i c t a l u r i  PDGREVDVTPLAAEGWEGIEPIYEVLPGWKESTFGVKLRDGLPQAALNYI 400  
I I I I I I • • I II I I : : I • I : I I I I I - : I I I . I I I I I I I 1-1111111111 
E. c o l i  PDGREVTTTPLAADDWKGVEPIYETMPGWSESTFGVKDRSGLPQAALNYI 400
E . i c t a l u r i  KRIEEVTGVPVDIISTGPDREETIVLRHPFDA* 433  
I  I  I  I  I :  I  I  I  I  :  I  I  I  I  I  :  I I  I  .  I I  : :  I  I  .  I  I  I  I  I 
E. c o l i  KRIEELTGVPIDIISTDPDRTETMILRDPFDA* 433
Figure 15. Alignment of the £  ictaluri purA deduced amino acid sequence and the £. coli 
adenylosuccinate synthetase amino acid sequence. Amino acids indicated are important for 
function of the £. coli enzyme. Amino acids 12-19,284-287, and 330-333 are involved in 
binding GTP, and amino acids Lys140, ArgM7, and Asp231 are important for maintaining protein 
conformation (Kusano et al. 1993; Poland et al. 1993). The corresponding amino acids in the £. 
ictaluri protein product are almost all identical.
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were implicated in maintaining protein conformation: Lys140, ArgM7, and Asp231. These amino 
acids are also conserved in E. ictaluri.
Dever et al. (1987) compared the sequences of nine functionally different GTP-binding 
proteins and identified a conserved sequence composed of three consensus elements:
GXXXXGK followed by 40-80 base pairs or 130-170 base pairs, DXXG followed by 40-80 base 
pairs, and NKXD. These elements were identified in the E. coli and Thiobacillus ferrooxidans 
purA protein products (Kusano et al. 1993), and they are also present in the E. ictaluri protein 
product The first element, GXXXXGK, is located at amino acid residues 12-18 in E. ictaluri 
and has the sequence GDEGKGK. The second element, DXXG, has the sequence DSVG and is 
located at positions 284-287 in E. ictaluri. The third element differs slightly from the consensus 
sequence NKXD in E. ictaluri and E. coli, which both have the sequence TKLD at positions 330- 
333 instead. Spacing between the first and second elements is longer in the E. coli and E. ictaluri 
purA genes than the consensus sequence (265 base pairs instead o f40-80 or 130-170), but 
spacing between the second and third elements matches the consensus (40 base pairs). The first 
two elements are involved in interactions with the phosphate portion of the GTP molecule, and 
the third element is involved in nucleotide specificity (Kusano et al. 1993).
Deletion/insertion mutagenesis of the cloned £  ictaluri purA gene
The vector pBK-CMV carries a kanamycin resistance gene for selection pressure, and 
pBluescript carries an ampicillin resistance gene. Subcloning a 3.5 kilobase Not I fragment from 
the pE114 insert into pBluescript allowed the use of kanamycin selection for mutating the purA 
gene in the next step. Subcloning also allowed the construction of a complete restriction map for 
pEI15 using generated sequence data from the insert and the pBluescript sequence. Three Nar I 
restriction sites were present on pEI15, all of which were within the E. ictaluri purA gene 
sequence. Digestion of pEI15 with Afar I removed a 598 base pair segment from the middle of 
the purA gene, and insertion of the Tn903 kanamycin resistance gene into this deletion site
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created a deletion/insertion mutant The deletion of a segment of the purA gene along with the 
insertion ensured the stability of the mutant.
The mutated gene was subcloned into suicide plasmid pGP704, which features the R6K 
origin of replication (Miller and Mekalanos 1988). Because this origin requires the presence of iz 
protein (encoded by the pir gene) for initiation of replication, pGP704 is only maintained in a 
bacterial strain that expresses the pir gene. Plasmid pGP704 also has an RP4 origin of transfer 
that allows it to be transferred to E  ictaluri by conjugation from an E. coli delivery strain 
expressing the RP4 transfer genes.
Construction and characterization of a purA mutant strain of E  ictaluri
Transfer of pEI17 into E. ictaluri using the RP4 origin of transfer was successful by 
conjugation using E. coli SM10 Xpir as the donor strain. SM10 kpir carries a portion of plasmid 
RP4 integrated in its chromosome that can provide conjugative functions in trans to the mob gene 
on pGP704. Persistence of pEI17 in E. ictaluri was not a problem, as judged by sensitivity to 
ampicillin, plasmid preparations, and negative PCR results using internal pGP704 primers from 
the ampicillin resistance gene.
Plasmid pEI17 was effective in generating kanamycin resistant mutants of E. ictaluri by 
homologous recombination. In one conjugation, 1865 kanamycin resistant E. ictaluri colonies 
were isolated from approximately 9.8 x 106£  ictaluri cfri screened (approximately one 
recombination event per 5255 cfu screened). Kanamycin resistant colonies result from 
incorporation of either all or part of plasmid pEI17 into the E. ictaluri chromosome by 
homologous recombination. Most of the kanamycin resistant colonies are the result of single 
crossover events, in which the entire pEI17 plasmid is incorporated into the E  ictaluri 
chromosome. These mutants contain two copies of the purA gene, one of which is mutated and 
one of which is functional. The remainder of the kanamycin resistant colonies are the result of 
double crossover events, in which the chromosomal purA gene is replaced by the purA: :Kmr gene
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carried by pEI17 and the remainder of the plasmid is lost (Figure 16). Single crossover mutants 
were separated from double crossover mutants based on their phenotype; single crossover 
mutants are resistant to ampicillin and grow in minimal medium, while double crossover mutants 
are sensitive to ampicillin and fail to grow in minimal medium (Table 2). O f250 kanamycin 
resistant colonies that were screened, four colonies were identified that were ampicillin sensitive 
(approximately one double crossover event per 62.5 mutants screened).
These four mutants were phenotypically characterized. All four failed to grow in defined 
minimal medium, but they were able to grow in minimal medium supplemented with 25 pg/ml 
adenine (Figure 17). They also grew poorly compared to the wild-type on TSA plates with 5% 
sheep blood, forming barely discemable pinpoint colonies after 48 hours. Biochemically the 
mutants have the same phenotype as wild-type E  ictaluri, as determined using API 20E strips. 
They also have the same plasmid profile as wild-type E. ictaluri, with no evidence o f persistence 
of the suicide plasmid.
One of these mutants, designated LSU-E2, was selected for further characterization. The 
stability of its mutant phenotype was tested by passing it through 30 overnight BHI cultures, and














Wild-type 93-146 + + - -
Double crossover 
mutant LSU-E2
- + + -
Single crossover 
mutant
+ + + +







Figure 16. Replacement of the E. ictaluri chromosomal purA gene by the Apur./t::Kmr construct 
in pEI17 (double crossover event). The kanamycin resistance marker and the disrupted purA 
gene were stably incorporated into the chromosome, while the remainder of the plasmid was lost. 
The resulting mutant is resistant to kanamycin, sensitive to ampicillin, and requires adenine 
supplementation for growth.
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Figure 17. Growth of wild-type and adenine auxotrophic E. ictaluri in defined minimal medium 
with and without adenine supplementation (25 pg/ml). A = defined minimal medium without 
adenine; B = defined minimal medium with adenine.
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out of approximately 7.5 x 1010 cfu that were spread on minimal medium after the final pass, no 
revertants to the prototrophic phenotype were detected.
If the adenine auxotrophic phenotype of LSU-E2 is due to a mutation in the purA gene, 
then transfer of a plasmid containing a functional purA gene into LSU-E2 should restore the 
prototrophic phenotype. Plasmid pEI15 contains a 3.5 kilobase segment of the E. ictaluri 
chromosome, including the purA gene, in the multiple cloning site of pBluescript When this 
plasmid was electroporated into LSU-E2, five ampicillin resistant^ ictaluri LSU-E2 colonies 
resulted out of approximately 3.5 x 107 cfu screened. All five colonies expressed the wild-type 
phenotype for growth in£. ictaluri defined minimal medium, grew to normal size on TSAII 
plates with 5% sheep blood, and were resistant to both kanamycin and ampicillin.
The genotype of LSU-E2 was confirmed using PCR (Figures 18 and 19). Amplification 
of a portion of the Tn903 kanamycin resistance gene using primers 903Kan+ and 903Kan- 
yielded the predicted 624 base pair band from mutant chromosomal DNA, indicating the Tn903 
gene had been incorporated into the LSU-E2 chromosome. Only non-specific bands were 
obtained from wild-type E. ictaluri. Amplification using primers pBRAmp+ and pBRAmp- 
yielded only non-specific bands from both LSU-E2 and wild-type E. ictaluri, indicating the 
ampicillin resistance gene from pEI17 had not been incorporated into the chromosome. Plasmid 
pEI17 DNA that was used as a positive control for this reaction yielded the predicted 709 base 
pair band.
To confirm the Tn903 insertion was in the purA gene, genomic DNA was amplified 
using primers specific for the E. ictaluri purA gene in combination with TnPOi primers. Primers 
PurAUl and 903Kan+ amplified the 3' end of the Tn903 insert and flanldng/wM gene sequence, 
resulting in a 1191 base pair fragment from LSU-E2 DNA and no amplification for wild-type 
DNA. Primers PurAMl 1 and Tn903M2 yielded a 587 base pair fragment from LSU-E2 DNA 
containing the 5' end of the Tn903 insert and flanking purA gene sequence, and results were again
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Figure 18. Graphic representation of the PCR amplifications used to confirm the genotype of LSU-E2. The shaded lines above the LSU-E2 
purA::Kmr construct represent the locations of the PCR products shown in Figure 19. The 624 base pair PCR product was amplified from genomic 
LSU-E2 DNA using primers specific for the Tn903 kanamycin resistance gene. Presence of this band indicates insertion of the Kmr gene in the 
chromosome. The 587 and 1197 base pair PCR products were both amplified using one primer specific for the purA gene and one primer specific 
for the Tn903 gene. Presence of these bands indicate insertion of the Kmr gene inside the purA gene. The 587 and 1197 base pair bands were 

















Figure 19. Genotypic confirmation of the mutant LSU-E2 ApurA::Kmr construct (agarose gel stained with ethidium bromide).
Lane 1: 1 kilobase ladder (Gibco).
Lane 2: 1104 base pair PCR fragment amplified from wild-type E. ictaluri genomic DNA using primers inside thepurA gene.
Lane 3: results of PCR amplification from wild-type E. ictaluri genomic DNA using primers specific for the Tn903 kanamycin resistance gene. 
Only non-specific bands are present.
Lane 4: 624 base pair PCR fragment amplified from mutant LSU-E2 genomic DNA using the same two primers specific for Tn905 used in lane 3. 
Lane 5: results of PCR amplification from wild-type genomic DNA using one primer specific for the purA gene plus strand and one primer specific 
for Tn903. Only non-specific bands are present.
Lane 6 : 1197 base pair PCR fragment amplified from mutant LSU-E2 genomic DNA using the same primers used in lane S. The fragment contains 
the 3' end of the ApurA::Km' insertion.
Lane 7: results of PCR amplification from wild-type genomic DNA using one primer specific for the purA gene minus strand and one primer 
specific for Tn903. Only non-specific bands are present.
Lane 8 : 587 base pair PCR fragment amplified from mutant LSU-E2 genomic DNA using the same primers used in lane 7. The fragment contains 
the 5' end of the ApurA::Kmr insertion.
114
negative for wild-type DNA. Sequencing of the 1191 base pair PurAUl/903Kan+ fragment 
using primer PurAUl demonstrated purA gene sequence up to the Tn003 ligation site, at which 
Tn903 gene sequence began. Primer Pur AMI 1 yielded equivalent results when it was used to 
sequence the 587 base pair Pur AMI l/Tn903M2 fragment
Discussion
The £  ictaluri purA gene
Goning techniques. The purA gene sequence has been published from four bacterial 
species: £  coli (Wolfe and Smith 1988), Bacillus subtilis (Mantsala and Zalkin 1992), 
Thiobacillus ferrooxidans (Kusano et al. 1993), and Vibrio parahaemolyticus (McCarter 1994). 
Gene sequences for purA are also available for three other bacterial species in GenBank:
Brucella abortus (Tatum and Steckelberg 1994), Haemophilus influenzae (Tatusov et al. 1996), 
and Spiroplasma citri (Citti et al. 1994). The purB gene has been cloned and sequenced from E. 
coli (Zalkin et al. 1994) and Bacillus subtilis (Ebbole and Zalkin 1987). The purA gene was 
chosen over the purB gene for this study because all of the defined adenine auxotrophs that have 
been evaluated in vivo were purA mutants. In addition, more purA sequences were available for 
comparison.
Different approaches were used to clone the purA gene from the different species. The E. 
coli purA gene was cloned by complementation in a purA mutant strain (Wolfe and Smith 1988). 
The Haemophilus influenzae purA gene was sequenced as part of a whole genome sequencing 
project for the species (Tatusov et al. 1996). In Thiobacillus ferrooxidans and Vibrio 
parahaemolyticus the purA gene was cloned and sequenced incidentally because of its location 
next to other genes of interest (Kusano et al. 1993; McCarter 1994). The Bacillus subtilis purA 
gene was cloned using polymerase chain reaction (PCR) to amplify a portion of the gene, which 
was labeled and used as a probe to screen a genomic library to clone the intact gene and flanking 
sequence (Mantsala and Zalkin 1992). Primers for PCR were selected by comparing the known
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purA gene sequences from other species to identify conserved regions, which were then analyzed 
for their suitability as PCR primers. This last approach was the method chosen in this study to 
clone the R  ictaluri purA gene.
Polymerase chain reaction (PCR) primers based on the published E. coli purA sequence 
were successful in amplifying a fragment from the E. ictaluri purA gene, indicating that this 
strategy may be used to clone other E. ictaluri genes. Identification of conserved regions in the 
purA gene by comparison of the E. coli sequence with published sequences from other bacteria 
helped to minimize the amount of primer-template mismatching, but it did not eliminate it 
completely. The PCR primers were effective even though two base pairs in primer PurAUl were 
mismatched with the E. ictaluri gene sequence and four consecutive base pairs were mismatched 
in primer PurALl (Figure 20). In both cases the mismatches occurred at least five base pairs 
away from the 3' ends of the primers, which is important since the 3' end of the primer initiates 
DNA synthesis (Compton 1990). The use of degeneracy in primers PurAUl and PurALl was 
probably not necessary. In fact, no mismatches would have occurred between primer PurAUl 
and the E. ictaluri template if E. coli sequence had been used without incorporation of 
degeneracy (Figure 20). The number of mismatches in PurALl was not reduced by the use of 
degeneracy either. The use of labeled purA PCR fragment to screen an R  ictaluri library in XZap 
Express was also effective, but there was some difficulty in interpretation because of background.
Gene sequence analysis. As expected, the E. ictaluri purA gene has higher sequence 
identity with the E. coli purA gene than with the other known bacterial purA gene sequences 
(79.3%). Escherichia coli and E. ictaluri are both members of the family Enterobacteriaceae, 
and R  coli has higher overall identity with the E. ictaluri chromosome than most species within 
this family (relative binding ratio of 31% at 60 °C) (Hawke et al. 1981). The high identity 
between E. coli and E. ictaluri in the purA gene sequence is a good indication that other genes 
critical to survival are probably also well conserved between the two species. However, the
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C lo n e d  E . i c t a l u r i  
p u r A  PCR f r a g m e n t  
P r i m e r  P u r A U l  
E. i c t a l u r i  p u r A  g e n e  
E. c o l i  p u r A  g e n e
C A A TG G G G cS A C G A A G G aA A A G G
CAATGGGGyGACGAAGGwAAAGG
CAATG G G GTG ACG AAG G TA AAG G
CAATG G G GTG ACG AAG G TA AAG G
C lo n e d  E. i c t a l u r i  
p u r A  PCR f r a g m e n t  
P r i m e r  P u r A L l  
E. i c t a l u r i  p u r A  g e n e  
E. c o l i  p u r A  g e n e
C C G G C A tg g tT T C G T A
G C C C G G C A tn g tT T C G T A
G C C C G G C A G C A C TTC G TA
G C C C G G C A tg g tT T C G T A
Figure 20. Mismatches between primers PurAUl and PurALl, the cloned £  ictaluri purA PCR 
fragment sequence, and the E. ictaluri purA gene sequence. Primer sequences were based on the 
E. coli purA gene sequence, which is also shown. The E. ictaluri and the E. coli purA gene 
sequences are identical in the region of PurAUl, but two mismatches were incorporated in the E. 
ictaluri purA PCR fragment sequence because of degeneracy in primer PurAUl. The E. ictaluri 
and the E  coli purA gene sequences had four consecutive nonidentical base pairs in the region of 
PurALl. The use of degeneracy in primer PurALl did not improve mismatching incorporated in 
the cloned E. ictaluri purA PCR fragment sequence. Y = C or T, W = A or T, N = A, C, G, or T.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
117
overall relative binding ratio of 31% indicates that there are probably also areas of low identity, 
especially in the noncoding regions, between the E. coli and E. ictaluri chromosomes.
The degree of sequence identity between the E. ictaluri purA gene and the other bacterial 
purA genes reflects the relatedness between the species. Vibrio parahaemolyticus and 
Haemophilus influenzae are both Gram-negative facultative anaerobes but are not members of 
the family Enterobacteriaceae. Thiobacillus ferrooxidans and Brucella abortus are more 
distantly related Gram-negative species, Bacillus subtilis is a Gram-positive spore former, and 
Spiroplasma citri is a member of the Class Mollicutes (includes the genus Mycoplasma). The 
conservation of amino acid similarity between the E. ictaluri purA gene product and the gene 
products from such distantly related species indicates the importance of this enzyme in bacterial 
survival.
In£. coli, Bacillus subtilis, and Thiobacillus ferrooxidans the purA gene appears to be 
under the control of its own promoter and is the only gene on its mRNA transcript (Wolfe and 
Smith 1988; Mantsala and Zalkin 1992; Kusano et al. 1993). The size of the mature E. coli purA 
transcript was estimated to be between 1.4 and 1.5 kilobases (Wolfe and Smith 1988). The purA 
gene is located at approximately minute 95 on the E. coli chromosome, and it is unlinked to the 
purB gene at minute 25 and the other pur genes involved in the synthesis of IMP from PRPP 
(Wolfe and Smith 1988). In fact, except for the purHD,purMN, purEK, and guaBA operons, the 
purine biosynthetic genes are all in monocistronic operons and dispersed on the E  coli 
chromosome (Zalkin and Nygaard 1996). By contrast, all of the purine biosynthetic genes in 
Bacillus subtilis are part of a single large operon (Ebbole and Zalkin 1987) except for purA and 
guaA, which are in different locations on the chromosome (Mantsala and Zalkin 1992).
The purA gene in E. ictaluri also appears to be in a monocistronic operon, and it has 
many features in common with the E. coli purA gene. The Shine-Dalgamo sequence and -10 and 
-35 regions are highly conserved between the species, and both have transcription terminators
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that appear to be p-independent The locations of the E. ictaluri purA gene and other pur and 
gua genes on the chromosome are not known, but no other purine biosynthetic genes were 
detected immediately upstream or downstream of the purA gene.
Expression of the purine biosynthetic genes in E  coli is under the control of a repressor 
protein encoded by the purR gene (Zalkin and Nygaard 1996). The PurR protein was shown to 
bind to a 16 base pair palindromic operator sequence in thepurF  control region. This sequence is 
also present upstream of all the genes required for IMP synthesis and the purA, purB, guaBA, and 
purR genes. The purA gene and the purR gene, in fact, each have two palindromic sequences in 
their control regions. One of the purA operator sequences is located 90 base pairs upstream of 
the 5' end of the purA transcript, and the other is located nine base pairs downstream of the 5' end 
of the transcript (Zalkin and Nygaard 1996). Gel retardation assays showed that PurR binding 
occurs to both operator sites (He and Zalkin 1994).
Expression of all the pur genes and the gua genes in E. coli is repressed by the binding 
of PurR to their operator sites, with hypoxanthine and guanine acting as corepressors that 
increase the PurR binding affinity (Zalkin and Nygaard 1996). The pur genes required for IMP 
synthesis are subject to greater repression by PurR than are the purA, purB, guaBA, and purR 
genes, which probably reflects the bacteria’s need to synthesize AMP and GMP even when the 
cell is able to salvage purines from the surrounding medium (Zalkin and Nygaard 1996). The 
purA gene is subject to a 2.4-fold repression mediated by PurR and the two operator sites, but it 
is also subject to a 3-fold repression by an uncharacterized adenine-dependent mechanism (He 
and Zalkin 1994).
The presence of a 16 base pair sequence upstream of the E. ictaluri purA gene that is 
very similar to the 16 base pair operator sequences upstream of the E. coli pur genes suggests 
that E. ictaluri uses a similar regulatory mechanism to control purA expression. However, more 
work is needed to show expression and binding of PurR to the operator site in E. ictaluri. It is
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unknow n if E. ictaluri uses an additional PurR-independent mechanism of regulation similar to 
the E. coli purA gene.
Adenylosuccinate synthetase, encoded by the purA gene, catalyzes the aspartate- 
dependent amination of IMP to form succinyl-AMP (Stayton et al. 1983). This reaction is driven 
by the hydrolysis of GTP to form GDP and inorganic phosphate: IMP + aspartate + GTP ** 
succinyl-AMP + GDP + P,. The three dimensional structure of crystalline adenylosuccinate 
synthetase was found to be a dimer with identical 48 ldlodalton subunits by X-ray crystallography 
(Poland et al. 1993). Potential residues involved in the active site were identified: Gly12, GlyIS, 
Gly17, Lys18, lie19, and Lys331. They are all located in a crevice of the enzyme, and directed 
mutagenesis of any of these residues either reduced catalysis or decreased GTP binding affinity. 
Residues Gly12, Gly15, Gly17, and Lys18 are present in both E  coli and E. ictaluri and have the 
sequence of a putative "P-loop" that interacts with the phosphate portion of nucleoside 
triphosphates. He19 in the E. coli gene is replaced by a valine residue in E. ictaluri. Directed 
mutagenesis of this residue to threonine reduced catalysis and GTP binding by the E. coli enzyme 
(Poland et al. 1993). However, replacement of the isoleucine by a valine residue is not expected 
to affect binding as much as replacement by threonine because isoleucine and valine have similar 
structures. Lysine331 is present in both E. coli and E. ictaluri, and directed mutagenesis of it in E. 
coli reduces GTP binding (Poland et al. 1993).
Most of these residues were also identified as potentially involved in GTP binding by 
comparison with consensus sequence elements that are present in other GTP-binding proteins 
(Dever et al. 1987; Kusano et al. 1993). Residues 12-18 in the £  coli and E  ictaluri genes 
match the first element of a consensus sequence identified in GTP-binding proteins: GXXXXGK 
(Dever et al. 1987). lie19 in the E  coli gene was not named as part of the consensus sequence. 
Lys331 was identified as a part of the third consensus element, NKXD (Dever et al. 1987). Other 
amino acids in the second and third consensus elements described by Dever et al. (1987) are also
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conserved between E. ictaluri and E. coli, but they were not identified by X-ray ciystallography 
or directed mutagenesis. These include Asp284 and Gly287 in the second element and Asp333 in the 
third element The significance of the substitution of threonine for asparagine at position 330 in 
the third consensus element of the E. coli and E. ictaluri synthetases is not known, but it 
apparently does not affect the nucleotide binding specificity or function of the enzyme. The 
significance of the altered spacing between the first and second elements in the E. coli and E. 
ictaluri purA gene products is also not known.
Three other residues (Lys140, Asp231, and Asp147) in the E. coli enzyme were located by X- 
ray crystallography at the interface between subunits and may be important in m aintaining a 
conformation that supports catalysis (Poland et al. 1993). Modification of either Lys140 or Arg147 
was shown to inactivate the E. coli enzyme. All three amino acids are conserved in E. ictaluri. 
LSU-E2: construction and characterization
Two defined mutations in the purA gene o f Salmonella typhimurium were constructed 
using transposons. One is a deletion mutation (ApurAl55 zbj-9O8::Tni0) from J. S. Gots 
(Edwards and Stocker 1988), and the other is an insertion mutation (purz!874::Tn/0) from J. R. 
Roth (McFarland and Stocker 1987). Both of these purA mutations have been used to construct 
purA mutants in other Salmonella strains by transduction. A purA mutant of virulent £  
typhimurium (O'Callaghan et al. 1988), two strains of S. dublin (McFarland and Stocker 1987; 
Sigwart et al. 1989), and two strains of S. typhi (Brown and Stocker 1987; Edwards and Stocker 
1988) have been made from these two defined mutations. The resulting strains were all avirulent 
and have been used in vaccination studies.
Successful mating and transfer of pEI17 from SM10 A.pir E. coli into E. ictaluri was 
expected because the RP4 conjugative plasmids have broad host range specificity (Guiney and 
Lanka 1989). The RP4 plasmids also mobilize chromosomal genes with low or undetectable 
frequency', making them useful for the construction of isogenic strains (Guiney and Lanka 1989).
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The decision to use conjugation as the method for transferring R6 K suicide plasmids into E. 
ictaluri was based on preliminary results that showed electroporation was ineffective in 
delivering pEIS, a pGP704 derivative carrying a mini-transposon (R. K. Cooper, unpublished 
results), into E. ictaluri, probably because of the presence of an efficient restriction endonuclease 
system (Zhang and Cooper 1995). However, delivery of plasmid pEIS into E. ictaluri by 
conjugation using donor strain E  coli SM10 Xpir created random transpositional mutants with 
high efficiency. Restriction of pEIS by recipient E. ictaluri was probably reduced because 
plasmids transferred by conjugation enter the bacteria in a single stranded form. Single stranded 
DNA is not digested efficiently by restriction endonucleases, and when the second strand is 
synthesized it is rapidly methylated (Freifelder 1987a).
The number of mutants obtained by transfer of pEI17 into E. ictaluri (approximately one 
in >5000 cfu screened) indicates the presence of an efficient system for homologous 
recombination in E  ictaluri. The length of homology is known to be a factor affecting efficiency' 
of recombination in E. coli, with virtually all crossover events that occur for homologies over 
1000 base pairs being RecA mediated (Lloyd and Low 1996). Smaller homologies can use 
RecA-independent mechanisms for homologous recombination. Approximately 1400 base pairs 
of E. ictaluri sequence were available for homologous recombination with the E. ictaluri 
chromosome on one side of the Tn903 insert in pEI17, and approximately 1540 base pairs were 
available on the other side. The high efficiency of recombination using this plasmid indicates that 
less flanking sequence would also achieve satisfactory results; however, less than 1 0 0 0  base pairs 
of flanking sequence on each side would not be recommended. Previous attempts to mutate the E. 
ictaluri purA gene by homologous recombination using a plasmid with only 660 base pairs of 
flanking sequence on one side of the Tn903 insert and 444 base pairs on the other side produced 
only single crossover mutants at an extremely low efficiency (unpublished results).
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The failure of LSU-E2 to grow well on TSAII plates with 5% sheep blood was not 
surprising. Direct measurements of purines available in extracellular fluids of mammals indicate 
that the concentration of adenine is immeasurably low in mammalian plasma, and adenosine is 
also extremely low (McFarland and Stocker 1987).
Failure to detect revertants after 30 passages in non-selective media demonstrated that 
the adenine auxotrophic phenotype is very stable in LSU-E2. A bacterial mutant can revert to 
wild-type phenotype by one of two methods: either an event can occur that restores the wild-type 
genotype, or a second mutation can occur that suppresses the mutant phenotype (Freifelder 
1987b). Because of the deletion of 598 base pairs from the middle of the purA gene in addition 
to the insertion of the Tn903 gene, it is not possible for LSU-E2 to have a true genotypic 
reversion to wild-type phenotype without incorporation of foreign DNA. This experiment 
demonstrated that the other possibility, phenotypic reversion due to a second mutation, also does 
not occur in LSU-E2.
Electroporation of plasmid pEI15 into LSU-E2 restored the prototrophic phenotype, 
demonstrating that the auxotrophic phenotype of LSU-E2 is due to a mutation in the 
chromosomal purA gene. It also showed that the purA gene is effectively expressed on pEI15.
The low efficiency of the electroporation was probably due to the presence of an effective E. 
ictaluri restriction endonuclease system, and it indicated that there is at least one restriction site 
recognized by E. ictaluri on pEI15. Plasmid pBluescript can be electroporated into E. ictaluri 
with high efficiency (R  K. Cooper, personal communication), suggesting that there are no sites 
recognized by the E. ictaluri restriction system on pBluescript Therefore, any E. ictaluri 
restriction sites present on pEI15 are probably located in the insert.
Polymerase chain reaction was chosen over Southern hybridization as the method to 
confirm the LSU-E2 ApurA: :Kmr construct for two reasons. First, the use of different PCR 
primer combinations allows more versatility than using hybridization probes. Second, PCR
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allows the generation of sequence data to confirm the ApurA::Kmr construct. Primers specific for 
Tn903 sequence amplified the correct sized fragment from LSU-E2 chromosomal DNA, while 
primers specific for the ampicillin resistance gene on pEI17 failed to amplify a fragment from 
LSU-E2. This showed that the kanamycin resistance gene was incorporated into the chromosome 
while the ampicillin resistance gene was lost, indicating a double crossover event did indeed 
occur. Equivalent results could have been achieved using Southern hybridization with probes 
specific for the Tn903 gene and the ampicillin resistance gene. However, the successful use of 
PCR primers specific for purA sequence in combination with Tn903 primers provided strong 
evidence for the predicted construction of LSU-E2 that Southern hybridization could not provide. 
In addition, the identities of amplified fragments were confirmed by DNA sequencing, which also 
would not be possible if hybridization were used.
Based on the results of these studies, £  ictaluri LSU-E2 meets several criteria for a live 
attenuated vaccine. First, LSU-E2 is veiy stable and will not revert to the wild-type phenotype. 
Second, because precise genetic methods were used to construct LSU-E2, only the purA gene is 
mutated and other genes that may affect virulence or pathogenesis are intact Third, all of the 
surface antigens of the parent virulent strain should be maintained in LSU-E2 for presentation to 
the host immune system. Finally, the genetic defect causing the adenine auxotrophic phenotype in 
LSU-E2 is well characterized, and isolates from fish can be easily distinguished from wild-type 
by growth in £. ictaluri defined minimal medium or by PCR Other criteria for a live attenuated 
vaccine, including LSU-E2's degree of attenuation, ability to penetrate the host and persist in the 
tissues, and ability to generate an effective immune response, are addressed in the next chapter.
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CHAPTER THREE 
ATTENUATION, PERSISTENCE, AND VACCINE POTENTIAL 
OF AN ADENINE AUXOTROPHIC STRAIN OF Edwardsiella ictaluri
Edwardsiella ictaluri is the causative agent of enteric septicemia of catfish (ESC), which 
is the most serious disease affecting the channel catfish aquaculture industry. Killed vaccines 
have not been effective under controlled laboratory conditions when given by the immersion or 
oral routes of exposure. In this study a genetically defined and stable purA mutant strain of 
E. ictaluri, designated LSU-E2, was evaluated in channel catfish to determine its potential as a 
live attenuated vaccine. In the first part of the study, the virulence of LSU-E2 was evaluated by 
three routes of exposure: intraperitoneal injection, bath immersion, and gastric intubation. 
Compared to the wild-type, LSU-E2 was highly attenuated by all three routes, and in the 
immersion and oral exposures LSU-E2 caused no mortalities. In the injection exposure LSU-E2 
had an LDS0 of 5.1 x 107 cfii per fish, while wild-type E. ictaluri had an LD50 of less than 130 cfii 
per fish. Almost all of the mortalities in the LSU-E2 injection exposure occurred in the first 2 
days or were the result of secondary infections. Next, the ability of LSU-E2 to invade the host 
and persist in the tissues was evaluated. Channel catfish were immersion exposed to wild-type or 
LSU-E2 E. ictaluri and sampled at various times to quantify bacterial concentrations in different 
tissues. LSU-E2 was isolated from the internal organs of all the fish sampled up to 2 days post­
exposure, and by 3 days post-exposure LSU-E2 was cleared from all the tissues. The gills 
appeared to be more a more important route of entry than the intestine for both wild-type and 
LSU-E2 E. ictaluri, and the head kidney and trunk kidney had the highest bacterial concentrations 
of both. Finally, a preliminary vaccine trial was conducted. Channel catfish that were immersion 
exposed to a single dose of LSU-E2 E. ictaluri had significantly lower mortality (11.1%) than 
non-vaccinated fish (33.3%) following immersion exposure to wild-type E. ictaluri 4 weeks later.
124
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
125
Introduction
Enteric septicemia of catfish is the most serious disease affecting the channel catfish 
aquaculture industry in the United States (MacMillan 1985). The causative agent is 
Edwardsiella ictaluri, which was first described by Hawke in 1979 after it was isolated from 
catfish farms in Georgia and Alabama. Since then it has been reported in every state that 
produces channel catfish (Thune et al. 1993a). Edwardsiella ictaluri was isolated from 38.0% of 
the channel catfish cases submitted to aquatic animal diagnostic laboratories in six states during 
1994, the highest percentage of any single etiology (data compiled by A. Mitchell at the Fish 
Farming Experimental Laboratory, Stuttgart, Arkansas).
Clinical signs and pathology associated with ESC generally manifest in one of two forms: 
either an acute gastrointestinal septicemia or a chronic form. The acute form of disease can cause 
rapid mortality, and outbreaks in commercial catfish ponds can inflict heavy losses within a few 
days. Gross lesions are typical of a bacterial septicemia in fish (Thune et al. 1993a). The chronic 
form of the disease is characterized by a slower progression, and typical lesions include an open 
ulcer located caudomedially on the frontal bones of the skull (“hole-in-the-head” lesion) and 
inflammation that may extend from the olfactory sac to the olfactory lobe and meninges 
(Miyazaki and Plumb 1985). Lesions can remain localized or the disease can progress to 
septicemia and death.
The optimal temperature range for ESC is 22-28 °C (Francis-Floyd et al. 1987; Baxa- 
Antonio et al. 1992), and outbreaks typically occur in the spring and early fall when water 
temperatures are in this range (Francis-Floyd et al. 1987; Freund et al. 1990). The only 
treatments currently available are oxytetracycline in a sinking pellet and 
sulfadimethoxine/ormetoprim in a floating pellet (Thune 1993). Early treatment is critical to 
effective control because of the rapid spread and anorexia associated with the disease. Strains of
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£  ictaluri have been isolated from channel catfish that are resistant to both antibiotics (Starlipcr 
etal. 1993).
All of the evidence indicates that channel catfish isolates of £  ictaluri are serologically 
homogenous. Several investigators have compared isolates from ESC outbreaks in different 
locations and found no evidence for more than one serotype (Plumb and Klesius 1988; Plumb and 
Vinitnantharat 1989; Bertolini etal. 1990). Serologic investigation of lipopolysaccharide (LPS) 
from different isolates also revealed a high degree of antigenic similarity (Newton and Triche 
1993a). For this reason £  ictaluri has been considered a good vaccine candidate (Plumb 1984; 
Thune etal. 1993b).
All of the E  ictaluri vaccine studies so far have evaluated either killed whole bacteria, 
killed disrupted bacteria, or bacterial components. Three routes of vaccine delivery have been 
investigated for E  ictaluri: injection, bath immersion, and oral. When given with Freund’s 
complete adjuvant, the injection route has provided significant protection under laboratory 
conditions where no natural exposure to E  ictaluri occurred (Saeed and Plumb 1986). However, 
injection is not practical for large scale aquaculture operations. In pond studies killed whole cell 
bacterins gave significant protection when channel catfish were exposed by bath immersion and 
by the oral route in feed (Plumb and Vinitnantharat 1993; Plumb et al. 1994). However, in these 
studies the negative control fish developed anti-E ictaluri titers due to natural exposure, so it 
cannot be determined how much protection was due to vaccination and how much was due to the 
exposure.
Auxotrophic (nutrient requiring) strains of bacterial pathogens show potential for use as 
live attenuated vaccines (Hoiseth and Stocker 1981; Stocker 1988). Adenine requiring strains of 
several bacterial pathogens are consistently avirulent, including Klebsiella pneumoniae (Garber 
et al. 1952), Bacillus anthracis (Ivanovics et al. 1968), Salmonella typhimurium (Furness and 
Rowley 1956; McFarland and Stocker 1987; O'Callaghan et al. 1988), and Salmonella dublin
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(McFarland and Stocker 1987). For this reason Salmonella typhimurium purA mutant (adenine 
auxotrophic) strains have been evaluated for vaccine efficacy in mice. When mice were 
vaccinated by intravenous injection and challenged by the same route a purA mutant gave good 
protection against the virulent parental strain (LD^ increased from < 1 0  cfu in iinimmunized mice 
to 104S in immunized mice) (O'Callaghan et al. 1988). Against a non-parent virulent strain one 
purA mutant gave good protection (LDjo increased from <10 cfii in unimmunized mice to 10s in 
immunized mice), and another gave slight protection (LD^ increased to 102 in immunized mice). 
A purA mutant did not give significant protection in an oral vaccination trial with an oral 
challenge. In another study IP vaccination with S. typhimurium purA mutants gave complete 
protection against virulent parental strains in mice (McFarland and Stocker 1987).
A defined purA mutant strain of£. ictaluri, designated LSU-E2, was constructed and 
characterized previously (see Chapter 2). The objectives of this study were to compare the 
virulence of adenine auxotrophic E. ictaluri strain LSU-E2 to wild-type strain by injection, 
immersion, and oral routes of exposure, to evaluate invasiveness of LSU-E2 by immersion 
exposure and compare tissue distribution and persistence to wild-type strain, and to evaluate the 
vaccine efficacy of LSU-E2.
Materials and Methods
Bacterial strains and media
Bacterial strains are listed in Appendix A. Edwardsiella ictaluri strain 93-146 was 
isolated from a moribund catfish from a natural outbreak of ESC in a commercial channel catfish 
farm. It is the parent strain for LSU-E2 and was used as the virulent wild-type strain for 
experimental infections in channel catfish. Edwardsiella ictaluri strain LSU-E2 has a 
deletion/insertion mutation in the purA gene and requires exogenous adenine for growth. Both E. 
ictaluri strains were grown at 28 °C. Wild-type E  ictaluri was grown with brain heart infusion 
(BHI) broth and agar plates (Difco Laboratories, Detroit, MI) or on txypticase soy agar (TSA) II
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plates with 5% sheep blood (Becton Dickinson and Company, Cockevsville, MD). LSU-E2 was 
grown with BHI broth and agar plates. Edwardsiella ictaluri selective medium (EIM) agar plates 
were used for selective isolation of wild-type and LSU-E2 E  ictaluri from channel catfish gills 
and intestines (Shotts and Waltman 1990).
For experimental infections the designated E. ictaluri strain was inoculated directly into 
5 ml BHI from frozen stocks at - 80 °C and incubated overnight Plates were streaked from the 
-  80 °C stocks to ensure purity. The 5 ml overnight cultures were used to inoculate 750 ml BHI 
broth in 2  liter flasks, which were incubated overnight with shaking at 2 0 0  revolutions per 
minute. Large cultures were quantified by serially diluting in triplicate with 0.9% sterile saline 
solution and dropping 20 pi samples on BHI plates for LSU-E2 and TSAII plates with 5% sheep 
blood for wild-type. Colonies were counted after incubation for 48 hours.
Specific pathogen free (SPF) channel catfish
Egg masses were obtained from commercial channel catfish producers with no history of 
ESC outbreaks, disinfected with 100 ppm free iodine, and hatched in closed recirculating systems 
in a SPF laboratory. Fish were maintained in the SPF laboratory through either the fingerling or 
juvenile stage. Prior to experimental infection SPF fish were restocked into 20 liter flow-through 
tanks in separate challenge laboratories and acclimated for 2 to 4 weeks. Flow rates in the 
challenge tanks were maintained at approximately 300-400 ml per minute using dechlorinated 
municipal water.
Attenuation trial
Six hundred SPF channel catfish fingerlings (approximately 5 grams per fish) were 
stocked ten per tank in 2 0  liter flow-through tanks and acclimated for 3 weeks. Tanks were 
randomly assigned to one of 20 treatment groups with three tanks per treatment. Water 
temperature was maintained at 24 °C to 27 °C throughout the study. Bacterial cultures were
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grown overnight in BHI broth and quantified using the protocol described under “Bacterial strains 
and media.”
Treatment groups were experimentally infected with a specified dose of wild-type 
E. ictaluri or LSU-E2 E. ictaluri by one of three routes: immersion, injection or oral. For the 
immersion challenge the specified dose of either 93-146 wild-type or LSU-E2 bacterial culture 
was added directly to the flow-through tanks. For the wild-type two doses were used: a low dose 
of approximately 6.5 x 109 cfu/L and a high dose of approximately 6.5 x 1010 cfu/L. Two doses 
were also used for LSU-E2: approximately 1.6 x  109 cfu/L and 1.6 x 1010 cfu/L. Negative 
control treatment tanks were exposed to 200 ml BHI broth. One drop of Antifoam A (Sigma 
Chemical Co., S t Louis, MO) was added to each tank to prevent excess foam formation.
For the injection challenge fish were anesthetized with MS-222 and individually injected 
intraperitoneally with 0.1 ml of the specified dose o f93-146 wild-type or LSU-E2. Five 
treatment groups were injected with wild-type R  ictaluri (10 '7, 10"6, 1 0 '5, 10-4, and 10 ‘3 dilutions), 
and four treatment groups were injected with LSU-E2 (10'3,10'2,10 '1, and 10° dilutions). These 
doses corresponded to approximately 130 cfii/fish to 1.3 x 10s cfu/fish for the wild-type and 
1.6 x 10s to 1 .6  x 108 cfu/fish for LSU-E2. The negative control fish were each injected with 
0.1 ml of BHI broth.
For the oral challenge fish were also anesthetized with MS-222. A straight 1.5 inch 
2 2  gauge oral feeding tube was passed into the stomach of each fish and 0 .1  ml of the specified 
dose of 93-146 wild-type or LSU-E2 was infused into the stomach. Two treatment groups were 
infused with wild-type E. ictaluri (10' 1 and 10° dilutions corresponding to approximately 
1.3 x 108 cfu/fish and 1.3 x 109 cfu/fish), and two treatment groups were infused with LSU-E2 
(10** and 10° dilutions corresponding to approximately 1.6 x 107 and 1.6 x 108 cfu/fish). The 
negative control fish were each infused with 0.1 ml of BHI broth.
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Mortalities were recorded each 24 hour period after experimental infection until three 
consecutive days with no mortalities occurred. Bacterial cultures were taken from the trunk 
kidney of each mortality to confirm that E  ictaluri was the cause of death. Fish exposed to wild- 
type E. ictaluri were cultured on TSA H plates with 5% sheep blood, and fish exposed to LSU-E2 
E. ictaluri were cultured on both BHI plates and TSA II plates with 5% sheep blood.
For the injection challenge a 50% lethal dose (LD^) was calculated for wild-type and 
mutant E. ictaluri using the method of Reed and Muench (1938).
Tissue distribution and persistence
Sixty SPF channel catfish fingerlings were stocked ten per tank in 20 liter flow-through 
tanks and acclimated for 2 weeks. Tanks were randomly divided into two treatment groups with 
three tanks per treatment Water temperature was maintained at 24 °C to 26 °C throughout the 
study. Bacterial cultures were grown overnight in BHI broth and quantified using the protocol 
described under “Bacterial strains and media.”
One of the treatment groups was experimentally infected with wild-type E. ictaluri, and 
the other was experimentally infected with LSU-E2  E. ictaluri. Both experimental infections 
were by immersion exposure. Wild-type or LSU-E2 E. ictaluri bacterial culture (200 ml/tank) 
was added directly to the flow-through tanks along with one drop of Antifoam A. This dose 
corresponded to approximately 3.5 x 1010 cfu/L for wild-type and 6.7 x 109 cfu/L for LSU-E2. 
Water flow was stopped for 15 minutes following initial exposure and then resumed.
At 2 hours, 6  hours, 12 hours, 24 hours, 2 days, and 3 days post-exposure one fish was 
removed from each tank and euthanized by transferring to water containing 1 g/L tricaine 
methanesulfonate (MS-222) (Argent Chemical Laboratories, Redmond, WA). hi the wild-type 
treatment the study was extended and fish were also collected on days 4 and 5 (only two fish were 
sampled on day 5). One fish was collected from each tank prior to experimental infections for a 
zero hour sample. Using aseptic technique samples were taken of gill filaments, liver, spleen,
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head kidney, trunk kidney, and intestine from each fish and suspended in 0.5 ml sterile 0.9% 
saline solution. Each tissue was weighed and pulverized manually using sterile cotton-tipped 
applicators in 1.5 ml Eppendorf tubes. The resulting suspension was serially diluted in 0.9% 
saline solution in triplicate using 96-well plates, and 20 pi aliquots were dropped on agar plates 
for quantification. Samples from gills and intestines were dropped on EIM plates and samples 
from the other tissues were dropped on BHI plates. Colonies were counted after incubation for 48 
hours. Edwardsiella ictaluri and other bacterial species were identified using the API 20E 
system (bioMeoieux Vitek, Hazelwood, MO).
The number of colony forming units (cfii) per gram of tissue was calculated by averaging 
the number of colonies present at the highest countable dilution from the three repetitions, 
multiplying by 25 and the dilution factor to determine number of cfii per 500 pi, and dividing by 
the tissue weight in grams. Following log10 transformations of the number of cfii per gram of 
tissue, values for each of the three individual fish in each treatment were averaged to obtain the 
mean number of cfii per gram of tissue for each treatment 
Vaccine trial
One hundred eighty juvenile SPF channel catfish were stocked 15 per tank in 20 liter 
flow-through tanks and acclimated for 4 weeks. Tanks were randomly divided into two treatment 
groups with six tanks per treatment Water temperature was maintained at 24 °C to 26 °C 
throughout the study. Bacterial cultures were grown overnight in BHI broth and quantified using 
the protocol described under “Bacterial strains and media.”
One treatment group was vaccinated with LSU-E2 E  ictaluri by immersion, and the 
other group was not vaccinated. LSU-E2 E. ictaluri overnight culture (230 ml/tank) was added 
directly to vaccinated tanks along with one drop of Antifoam A, and water flow was stopped for 
15 minutes following initial exposure. Bacterial concentration in the water was approximately 
3.65 xlO 10 cfu/L.
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On day 27 post-vaccination, both vaccinated and non-vaccinated treatments were 
experimentally infected with wild-type £. ictaluri by immersion exposure. Edwardsiella ictaluri 
bacterial culture ( 2 2 0  ml/tank) was added directly to the flow-through tanks along with one drop 
of Antifoam A. Final bacterial concentration in the water was approximately 5.3 x 1010 cfu/L. 
Water flow was stopped for 15 minutes following initial exposure and then resumed.
Mortalities were recorded each 24 hour period after experimental infection until day 26 
post-exposure. Bacterial cultures were taken from the trunk kidney of each mortality and cultured 
on TSA II plates with 5% sheep blood to confirm that E. ictaluri was the cause of death
Cumulative daily percent mortality data for each tank was subjected to arcsine 
transformation, and each day’s mean transformed percent mortality for vaccinated tanks was 
compared to each day’s mean for non-vaccinated tanks by repeated measures analysis using SAS 
Version 6  (SAS Institute, Caiy, NC) analysis of variance (ANOV) in a split-plot arrangement of 
treatments with treatment and tank on the main plot and time on the subplot. A significance level 
of a -  0.05 was used.
Results
Attenuation trial
Except as noted, mortalities in the attenuation trial had external and internal lesions that 
were consistent with ESC. Some of the fish that died in the third and fourth weeks of the 
experiment demonstrated lesions characteristic of chronic ESC. Bacterial isolations from almost 
all of the fish exposed to wild-type were positive for £  ictaluri. Motile Aeromonas species or 
Plesiomonas species were also isolated from some £. fcta/un-positive fish; it is not known if 
these resulted from secondary infections or from post mortem growth Four fish that were 
injection exposed to wild-type E. ictaluri only isolated Aeromonas hydrophila post mortem; 
these mortalities were not included in the final data. All of the isolates from fish exposed to LSU- 
E2 were positive for £. ictaluri on BHI plates, and no revertants to wild-type phenotype were
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detected on TSA II plates with 5% sheep blood. Final percent mortalities in the attenuation trial 
indicate that LSU-E2 is highly attenuated compared to the wild-type by all three routes of 
exposure (Table 3).
Table 3. Results of experimental infection of channel catfish fingerlings with wild-type E. 
ictaluri and LSU-E2 by three different routes of exposure
Treatment Dose Percent mortality
Wild-type immersion 6.5 x  109 cfu/L 16.7
Wild-type immersion 6.5 xlO 10 cfu/L 63.3
LSU-E2 immersion 1.6 x 109 cfu/L 0.0
LSU-E2 immersion 1.6 xlO 10 cfu/L 0.0
Control immersion 0.0
Wild-type oral 1.3 x 10* cfu 20.7
Wild-type oral 1.3 xlO9 cfii 54.8
LSU-E2 oral 1.6 x 107 cfii 0.0
LSU-E2 oral 1.6 x 10* cfii 0.0
Control oral 0.0
Wild-type injection 1.3 xlO2 cfii 55.6
Wild-type injection 1.3 x 103 cfii 56.7
Wild-type injection 1.3 x 104 cfii 72.4
Wild-type injection 1.3 x 10s cfii 96.7
Wild-type injection 1.3 xlO6 cfii 100.0
LSU-E2 injection 1.6 xlO5 cfii 0.0
LSU-E2 injection 1.6 x 10s cfii 0.0
LSU-E2 injection 1.6 x 107 cfii 46.7
LSU-E2 injection 1.6x10* cfii 53.3
Control injection 0.0
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Figure 21 shows a comparison of the percent mortalities that resulted from injection 
exposures of wild-type and LSU-E2 E. ictaluri in channel catfish fingerlings. LSU-E2 had a 
calculated LD^ of 5.1 x 107 cfu per fish for this route of exposure. Mortalities were seen at the 
two highest doses only (1.6 x 107 cfu/fish and 1.6 x 10s cfu/fish). At the highest dose, in which 
fish were injected with undiluted LSU-E2 bacterial culture, there was 53.3% mortality. An LDjq 
could not be calculated for the wild-type injection exposure because the lowest dose (130 
cfu/fish) had over 50% mortality. It can be concluded, however, that the LD^ for the wild-type is 
<130 cfu/fish, which is more than five log10 lower than the LD^ for LSU-E2. The two highest 
doses of injected wild-type (1.3 x 105 and 1.3 x 10s cfu/fish) caused 96.7% and 100% mortality 
compared to 0% mortality at the equivalent doses for LSU-E2.
No mortalities were seen even at the high doses for the LSU-E2 immersion and oral 
exposures (Table 3). In the high dose oral exposure for wild-type and LSU-E2 E. ictaluri, fish 
were infused with undiluted bacterial culture. Only 54.8% of fish exposed to wild-type E. 
ictaluri died at this dose (1.3 x 109 cfu). In the high dose wild-type immersion exposure (6.5 x 
1010 cfu/L) there was 63.3% mortality.
The kinetics of the injection exposure mortalities for wild-type and LSU-E2 E. ictaluri 
are shown in Figures 22 and 23. In the high dose LSU-E2 injection exposure (1 .6  x 10® cfu) all 
of the mortalities except for one occurred in the first 2 days following exposure. At the next dose 
of LSU-E2 (1.6 x 107 cfu) half of the mortalities occurred in the first 2 days, and the other 
mortalities occurred from day 4 to day 17 post-exposure. Five of the seven mortalities that 
occurred from days 4 to 17 had external lesions characteristic of Cytophaga columnaris 
infection. In the wild-type exposures, however, there was a distinctive lag effect before 
mortalities occurred that was more typical of a “natural” E. ictaluri infection. The length of the 
lag effect was dose-dependent, as illustrated in Figure 22. At the highest dose mortalities began 
very' rapidly 2  days post-exposure, and at the lowest dose almost all of the mortalities occurred on
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Figure 21. Mean percent mortality resulting from IP injection of wild-type and LSU-E2 & ictaluri in channel catfish fingcrlings. The numbers 
shown are the averages of the percent mortalities for the three tanks in each treatment. LSU-E2 caused no mortalities when it was injected at 105 





















^ <^>0 0 0 0 0 0 0 0 0 0 0
Q O O fl
1.3 X 10 cfu
1.3 x I03cfu 
— O —





0 2 4 6  8  10 12 14 16 18 20 22 24 26 28 30 32
Days post infection
Figure 22. Percent mortalities that resulted from IP injection of wild-type E. ictaluri in channel catfish fmgerlings at various doses over time. 
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Figure 23. Percent mortalities that resulted from IP injection of LSU-E2 E. ictaluri in channel catfish fmgerlings at high doses over time. Doses 
represent the number of bacteria injected per fish. All of the mortalities except for one occurred in the first two days post-exposure at the highest 
dose. Most of the mortalities that occurred after day 2 post-exposure showed signs of secondary bacterial infections.
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day 8 or later. At the other doses most of the mortalities began on days 4 ,6 , and 7 post-exposure. 
Almost all of the mortalities in the wild-type injection exposures occurred in the first 2 weeks; 
only 9% occurred on day 15 or later.
Mortalities in the wild-type immersion and oral exposures also showed a lag effect 
(Figure 24), with deaths beginning on day 6  post-exposure for both treatments. Only one 
mortality (4.3% of the total mortalities) occurred after day 14 in the oral exposure groups, while 
29.2% of the immersion exposure mortalities occurred on day 15 or after.
Tissue distribution and persistence
Edwardsiella ictaluri selective medium (EIM) was effective in selection for E. ictaluri 
when samples were tested from the gills and intestines. A few other bacterial species grew on 
EIM, but they were able to be distinguished from E. ictaluri colonies based on colony 
morphology and color. All fish tested before the experimental infections were negative for the 
isolation of E. ictaluri from any of the tissues.
Adenine auxotrophic E. ictaluri strain LSU-E2 was isolated from at least one internal 
organ in all of the immersion exposed channel catfish sampled from 2 hours post-exposure to 48 
hours post-exposure, indicating that its invasive capabilities are intact (Table 4). However, the 
infection was limited and all tissues tested were cleared of viable E. ictaluri by 3 days post­
exposure.
Head and trunk kidneys bad the highest numbers of bacteria per gram of tissue and were 
the most consistently infected by LSU-E2 (Figure 25). By 2 hours post-exposure approximately 
1 0 4 cfu per gram of tissue were present, and numbers remained at this level until they began 
dropping at 2 days post-exposure. Results were consistent from fish to fish, and all fish tested 
isolated E. ictaluri from both organs at 2 hours, 6  hours, 12 hours, and 24 hours post-exposure 
(Table 4). The numbers of mutant bacteria in the spleen were similar to the numbers isolated 
from the kidneys on an individual fish basis, but results were not as consistent from fish to fish.
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Figure 24. Percent molalities that resulted from immersion and oral exposures of channel catfish fingerlings to wild-type E. ictaluri over time. 
Doses represent the number of bacteria per liter of water in the immersion exposure and the number of bacteria infused per fish in the oral exposure. 





















Table 4. Number of fish culturing positive from various tissues at different sampling times after immersion exposure to wild-type and 
LSU-E2 E  ictaluri*
Wild-type LSU-E2
0 hr 2 hr 6 hr 12 hr 24 hr 2 day 3 day 4 day 0 hr 2 hr 6 hr 12 hr 24 hr 2 day 3 day
Gills 0 3 3 3 3 2 1 2 0 1 1 0 3 0 0
Spleen 0 3 3 3 3 3 3 3 0 1 2 3 3 2 0
Liver 0 3 3 3 3 I 3 3 0 1 2 2 1 2 0
Head
kidney
0 3 3 3 3 3 3 3 0 3 3 3 3 2 0
Trunk
kidney
0 3 3 3 3 3 3 3 0 3 3 3 3 2 0
Intestine 0 1 2 2 1 1 2 3 0 1 0 0 0 1 0
Fisht 0 3 3 3 3 3 3 3 0 3 3 3 3 3 0
*Out of three fish per sampling time


































Figure 25. Concentrations of LSU*E2 E. ictaluri in different internal organs of channel catfish following immersion exposure. Numbers shown 
represent the averages of the log,0 transformations of the number of bacteria per gram of tissue for the three tanks in each treatment. LSU-E2 was 
cleared from all tissues tested by 72 hours post-cxposurc.
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At least one fish cultured negative for LSU-E2 from the spleen up until 12 hours post-exposure 
(Table 4). Therefore, the peak in average numbers of bacteria per gram seen at 24 hours post- 
exposure (Figure 25) appears to result more from an increase in the number of fish culturing 
positive from the spleen rather than an increase in bacterial numbers in individual fish. The liver 
was less consistent than the spleen, with at least one fish culturing negative for LSU-E2 from this 
organ at all sampling times (Table 4). Average bacterial numbers per gram of tissue peaked at 6  
hours post-exposure at approximately 10 2 cfu per gram.
Results from the gills showed even more individual fish variation (Figure 26). Some 
individuals were negative, and some cultured high numbers of LSU-E2. One out of three fish 
cultured positive at 2  and 6  hours post-exposure, none cultured positive at 1 2  hours post­
exposure, and three out of three were positive at 24 hours post-exposure (Table 4). This caused a 
large peak in the average numbers of bacteria per gram at 24 hours post-exposure. From the 
intestine one fish was positive for LSU-E2 at 2 hours post-exposure and one fish was positive at 
2 days post-exposure, indicating the mutant did a poor job of colonizing the intestine (Figure 26).
On days 2 and 3 post-exposure an increase was seen in the number of other bacterial 
species isolated from the tissues of fish infected with LSU-E2. This was especially noticeable in 
the kidneys, spleen, and liver cultures because they were isolated on non-selective medium. The 
API 20E system (BioMe'rieux Vitek) was used to identify some of the more commonly occurring 
colony types. Three isolates were identified as Pseudomonas species, and one was identified as 
Aeromonas hydrophila. No clinical signs were evident from the secondary infections.
In the wild-type exposure rapid penetration of the host was seen. Head and trunk kidneys 
had the highest numbers of bacteria per gram of tissue (Figure 27). By 2 hours post-exposure 
there were approximately 104 cfu/gram, and by 6  hours post-cxposure they had increased to 
approximately 106. Numbers increased to approximately 1 0 7 per gram from 3 to 5 days post­
exposure. All fish cultured positive at all sampling times (Table 4). The spleen had very similar



























Figure 26. Concentrations of LSU-E2 E. ictaluri in the gills and intestine of channel catfish following immersion exposure. Numbers shown






















Figure 27. Concentrations of wild-type £  ictaluri in different internal organs of channel catfish following immersion exposure. Numbers shown
represent the averages of the log,0 transformations of the number of bacteria per gram of tissue for the three tanks in each treatment £
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results to the kidneys, but numbers were not quite as high. Bacterial counts in the liver did not 
rise as quickly. At 2 hours post-exposure approximately 102 cfu/gram were present, and numbers 
increased to approximately 104 at 6  hours post-exposure and remained at about this level until 2 
days post-exposure. Only one of the three fish tested was positive at 3 days post-exposure, after 
which numbers increased to approximately 106 per gram by 4 days post-exposure.
All of the sampled fish were colonized by wild-type E. ictaluri in the gills at all of the 
sampling times up to 24 hours post-exposure (Table 4). Greater than 104 per gram of tissue were 
present in the gills from 2 to 12 hours post-exposure (Figure 28). Some clearing of the gills then 
appeared to occur as average bacterial concentrations lowered and at least one fish of three 
cultured negative from 3 to 5 days post-exposure. The intestine was the least consistent tissue for 
isolation of wild-type E. ictaluri, especially in the first 2 days post-exposure. Colonization 
peaked at 6  hours post-exposure and then began to clear. However, beginning at 3 days post­
exposure average bacterial concentrations increased again in the intestine and all of the sampled 
fish cultured positive from this organ at days 4 and 5 post-exposure.
Vaccine trial
Feeding activity remained normal following immersion vaccination of channel catfish 
with LSU-E2 E. ictaluri, and there were no mortalities. All mortalities following immersion 
exposure to wild-type E. ictaluri were culture positive for E. ictaluri from the trunk kidney. 
Mortality results from the vaccine trial are shown in Table 5.
Non-vaccinated tanks had a final average percent mortality of 33.3%, which is 
significantly higher (P < 0 .0 1 ) than the average percent mortality of 1 1 .1% in the vaccinated 
tanks. In fact, the average percent mortality in the non-vaccinated tanks was significantly higher 
(P < 0 .0 1 ) than the average for the vaccinated tanks on each day from day 7 post-exposure to the 
end of the study. Relative percent survival (RPS) of the vaccinated fish compared to the non- 
vaccinated fish was 66.3 (RPS = 100 x (1 -  [% mortality vaccinated/% mortality controls])).
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Figure 28. Concentrations of wild-type E. ictaluri in the gills and intestine of channel catfish following immersion exposure. Numbers shown
represent the averages of the logI0 transformations of the number of bacteria per gram of tissue for the three tanks in each treatment
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Table 5. Results from a single dose LSU-E2 immersion vaccine trial with wild-type E. 
ictaluri immersion challenge




Non-vaccinated 1 6 15 40.0
2 7 15 46.7
3 8 14 57.1
4 3 15 20.0
5 3 14 21.4
6 2 14 14.3 33.3 17.2
Vaccinated 1 1 15 6.7
2 1 15 6.7
3 0 14 0.0
4 4 15 26.7
5 3 15 20.0
6 1 15 6.7 11.1 10.0
First mortalities occurred in both non-vaccinated and vaccinated tanks on day 6 post- 
immersion exposure to wild-type E. ictaluri (Figure 29). Mortalities steadily increased in the 
non-vaccinated tanks through day 19 post-exposure. However, no additional mortalities occurred 
in the vaccinated tanks until day 10 post-exposure, and almost all of the mortalities occurred in 
these tanks between days 10 and 18 post-exposure. The mean time of death for vaccinated fish 
was 13.9 days, compared to 11.5 days for the non-vaccinated fish.
Discussion
Attenuation trial
Bath immersion and oral administration are the most practical routes for vaccine delivery 
in commercial catfish aquaculture (Dunn et al. 1990), so these routes were chosen to evaluate the
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Figure 29. Percent mortalities over time resulting from experimental E. ictaluri infection by immersion exposure in non-vaccinated channel catfish
and in channel catfish that were vaccinated with LSU-E2 by immersion. £
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virulence of strain LSU-E2 compared to wild-type K ictaluri. Even though the injection route of 
delivery is impractical for commercial use, it was included in this study' to evaluate the degree of 
attenuation of LSU-E2 compared to the wild-type. Using this method it was shown that LSU-E2 
has an LDg, that is greater than five log10 higher than the LD^ for wild-type & ictaluri, which is 
comparable to the difference in LDjq seen between adenine auxotrophic Salmonella typhimurium 
and wild-type S. typhimurium in mice. The LD^ for wild-type S. typhimurium ranged from 14 
colony-forming units (cfu) to < 1 0  cfu by injection, while the LDjq for adenine auxotrophic strains 
ranged from 107 cfu to 10*6 cfu (Fumess and Rowley 1956; O'Callaghan et al. 1988).
Wise et al. (1993) showed that the immersion challenge method with E. ictaluri is 
associated with a high degree of variability, and that this challenge method was limited to 
detecting only “large differences in treatment effects”. This study, however, clearly shows that 
LSU-E2 is attenuated compared to wild-type E. ictaluri by the immersion and oral routes of 
exposure. Attenuation by these two routes could simply be due to an inability to penetrate the 
host, but the injection trials and the tissue distribution studies suggest that inability’ to penetrate is 
not the cause of attenuation. Attenuation of adenine auxotrophs in mammals is apparently due to 
limited availability of adenine and adenosine in vivo (McFarland and Stocker 1987). Direct 
measurements of the adenine and adenosine concentrations in fish tissues are not available, but 
from the results of this study it appears that the availability of adenine and adenosine in fish is 
also limited.
Based on the degree of attenuation of LSU-E2 there is a large amount of selective 
pressure for reversion to wild-type phenotype in the host tissues. This study provided preliminary 
evidence that LSU-E2 does not revert in the host by showing that LSU-E2 isolates from injection 
exposed mortalities maintained the mutant phenotype. More definitive evidence could be 
demonstrated by passing LSU-E2 multiple times through channel catfish and spreading recovered 
bacteria on E. ictaluri defined minimal medium.
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Mortalities in the LSU-E2 injection treatments only occurred at the two highest doses.
At the highest injection dose (1.6 x 10® cfu) all of the mortalities except for one occurred in the 
first 2 days post-exposure. Injection of LSU-E2 at 1.6 x 108 cfu per fish may have been the 
equivalent of giving the fish "instant ESC"; the number of bacteria in the tissues resulting from 
this dose may approximate the numbers of bacteria present in the end stage of ESC, causing very 
rapid mortalities. At approximately 5 g per fish, injection of 1.6 x 108 cfu would result in about 
3.2 x 107 cfu per gram of tissue. This concentration is comparable to the concentrations of wild- 
type E. ictaluri seen in the internal organs on the final day of the tissue distribution study 
reported here (10s cfu/g to 3.5 x 107 cfii/g tissue), when the fish were entering the end stage of 
infection. A similar result was seen in another study that investigated the virulence of a purine 
auxotrophic strain of Pseudomonas pseudomallei (Levine and Maurer 1958). Mortalities only 
resulted in this study when auxotrophic bacteria were injected IP at the highest dose 
(approximately 10s cfu), and almost all of them occurred in the first 2 days post-exposure. The 
investigators suggested that death may have occurred in the first 2  days as a result of toxicity of 
the bacterial suspensions.
At the next highest injected dose for LSU-E2 (approximately 1.6 x 107 cfu), half of the 
mortalities occurred in the first 2 days and half occurred between days 4 to 17 post-exposure.
Most of these later mortalities had external lesions characteristic of Cytophaga columnaris 
infection. Cytophaga columnaris is an opportunistic pathogen often associated with stress 
(Thune 1993). It appears that this dose of LSU-E2 was enough to stress the fish and predispose 
them to secondary infections. No mortalities or external lesions were apparent at the two lower 
doses.
In the oral and immersion exposures LSU-E2 did not cause any mortalities. It may not 
be possible to achieve numbers of bacteria in the tissues by the oral and immersion routes that are 
equivalent to the numbers achieved in the two high dose injection exposures. Higher bacterial
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numbers could be given in the oral exposure only by concentrating the bacterial culture, and 
higher doses of exposure by the immersion route could only be achieved by adding more culture 
to the tanks or lowering the water levels.
The necessity for very high numbers of wild-type £  ictaluri to cause disease by the oral 
route of exposure (approximately 1.3 x 109 cfu per fish) is consistent with other ESC 
pathogenesis studies that used the oral route. Baldwin and Newton (1993) infused approximately 
1 x 10 9 cfu per fish by gastric intubation in their study, and Shotts et al. (1985) infused 
approximately 5 x 109 cfu per fish by gastric intubation. Mortalities were not accurately available 
from either of these studies because of removal of fish, but Shotts et al. estimated the percent 
mortality from their oral challenge to be approximately 57%. This is consistent with the results 
from this study (54.8% mortality). Shotts et al. implicated the intestine as the route of entry for 
£  ictaluri in the acute form of ESC. However, they did not explain how these high numbers of 
£  ictaluri could be achieved in the channel catfish intestine in a natural situation. Klesius (1994) 
showed that £  ictaluri could be transmitted from fish that died of ESC to uninfected fish, and he 
suggested that cannibalization may be the route of transmission. The importance of 
cannibalization in a natural outbreak is not known.
Results of the number of wild-type £  ictaluri required for mortalities in an immersion 
exposure in this study are also consistent with published data. Newton et al. (1989) calculated an 
LDjo of approximately 1 x 107 cfu per ml of water for immersion exposure to virulent £  ictaluri. 
They exposed the fish by immersion for 1 hour in the bacterial suspension. In this study fish were 
exposed to approximately 6.5 x 107 cfu per liter of water with gradual removal of bacteria in the 
flow-through systems, and there was 63.3% mortality. These bacterial concentrations are 
probably higher than the concentrations of £  ictaluri present in pond water during a natural 
outbreak, but fish in ponds have a continuous exposure compared to the relatively short exposure 
times in the experimental challenges.
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There were more mortalities after day 14 post-exposure in the wild-type immersion 
exposed fish (29.2% of the total mortalities) in this study than there were in the oral exposed fish 
(4.3%). This data appears to agree with the theory by Shotts et al. (1985) that the intestine is the 
route of entry in the acute form of ESC and the olfactory sac is the route of entry in the chronic 
form, but more data is needed to draw any conclusions. In the study by Shotts et al. (1985), no 
fish that were exposed to E. ictaluri by gastric intubation developed lesions characteristic of 
chronic ESC, and eight out of 75 fish that were exposed by water contact with infected fish 
developed characteristic “hole in the head” lesions. Another study reported that 15% of the 
mortalities in £  ictaluri immersion exposed fish occurred after day 14, and 7% had lesions 
characteristic of chronic ESC (Newton et al. 1989).
Tissue distribution and persistence
Only the immersion route of exposure was tested in this study because of its importance 
as a potential route of vaccination for commercial producers. The oral route was not included 
because the technology for incorporation of live bacterial vaccines in catfish feed is not 
established.
This study demonstrated that the adenine auxotrophic strain LSU-E2 has the ability to 
penetrate the host and colonize internal organs, indicating that attenuation of this strain in the 
immersion route of exposure is not due to an inability to penetrate the host LSU-E2 was isolated 
from at least one internal organ in all of the fish sampled from 2 hours post-exposure to 48 hours 
post-exposure (Table 4). This study also indicated that LSU-E2 has the potential to be effective 
as a live attenuated vaccine. The isolation of other bacterial species (Pseudomonas spp. and 
Aeromonas hydrophila) from the internal organs on days 2 and 3 post-exposure, however, 
indicate that high doses of LSU-E2 may cause sub-clinical infection that is stressful to fish.
The intestine and the olfactory sac have both been implicated by several investigators as 
routes of entry for E. ictaluri (Blazer et al. 1985; Miyazaki and Plumb 1985; Shotts et al. 1985;
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Newton et al. 1989; Baldwin and Newton 1993; Morrison and Plumb 1994). The gills, however, 
were not implicated as a route of entry until recently (Nusbaum and Morrison 1996). Both wild- 
type and LSU-E2 £  ictaluri colonized the gills more heavily and consistently than the intestine in 
this study, suggesting that the gills may be a more important route of entry than the intestine in 
immersion exposures, hi particular, wild-type E. ictaluri colonized the gills better than the 
intestine at the early sampling times when penetration was most likely to be occurring. All of the 
fish sampled at 2  hours post-exposure were colonized by approximately 103 cfu per gram of 
tissue in the gills, but only one of three fish was colonized in the intestine at this time (Table 4). 
These results agree with the results seen by Nusbaum and Morrison (1996) using radiolabeled 
wild-type £. ictaluri in an immersion exposure. Gills were positive at 2 hours post-exposure in 
this study and were positive through 3 days post-exposure, while the intestine was not positive 
until 3 hours post-exposure and was cleared by 24 hours.
Over the course of the study wild-type £. ictaluri colonized the gills heavily and 
consistently during the early sampling times and then began to clear at the later sampling times 
(days 2  to 5 post-exposure) (Figure 28). The intestine, however, had a more gradual and less 
consistent transient colonization that peaked at 6  hours post-exposure followed by recolonization 
at the later sampling times as the infection became systemic. The large peak in the average 
numbers of LSU-E2 bacteria per gram in the gills at 24 hours post-exposure and the negative 
results at 12 hours may be due to sampling variation (Figure 26). The two peaks of colonization 
in the intestine by LSU-E2 at 2 hours and 2 days post-exposure could be the result of sampling 
variation or they could also represent a pattern of transient colonization followed by clearing and 
recolonization following systemic infection.
Although wild-type E. ictaluri achieved higher tissue concentrations than LSU-E2 £. 
ictaluri in the internal organs following immersion exposure, the relative tissue distributions for 
wild-type and LSU-E2 were similar. Head and trunk kidneys were the most consistently
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colonized and had the highest tissue concentrations for both (Figures 25 and 27). Wild-type 
concentrations were approximately two log10 higher than LSU-E2 in these organs until 24 hours 
post-infection, when wild-type numbers began to increase while mutant numbers began to 
decrease. The spleen had the next highest concentrations of wild-type and LSU-E2, followed by 
the liver.
Baldwin and Newton (1993) also saw higher concentrations of £  ictaluri in the trunk 
kidney than the liver following experimental infection by oral exposure. However, bacterial 
concentrations in the tissues were lower in the first 1 2  hours following oral exposure 
(approximately 1 0 ' cfu/g tissue in the liver and 102 cfu/g tissue in the trunk kidney) than they 
were in the results reported here (approximately 104 cfu/g tissue in the liver and 10fi cfu/g tissue 
in the trunk kidney). By 96 hours post-infection bacterial concentrations in the liver and trunk 
kidney were similar in both studies (approximately 1 0s cfu/g tissue in the liver and 107 cfu/g 
tissue in the trunk kidney).
Nusbaum and Morrison (1996) reported that counts of radiolabeled £  ictaluri were 
positive earlier, persisted longer, and were higher in the liver than the trunk kidney following 
immersion exposure. A direct comparison of bacterial numbers from this study and the results 
reported here cannot be made because of the different methods of quantification. However, there 
are clearly different trends in the overall tissue distributions between the studies. One possible 
explanation for the difference is that the lower temperature at which Nusbaum and Morrison 
conducted their experiment may have altered the progression of disease. Another possible 
explanation for the difference is that the higher counts in the liver during Nusbaum and 
Morrison’s study may reflect accumulation of nonviable £  ictaluri. Nonviable bacteria were not 
detected in the study reported here.
The reason for the preferred distribution of £  ictaluri to the kidneys and the spleen over 
the liver in this study is not known. The route of blood flow in channel catfish might explain the
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early preference for the kidneys, assuming the gills are the primary site of uptake. Blood flow 
from the gills would first encounter the head kidney followed by the trunk kidney and spleen, and 
would encounter the liver last This does not explain the early distribution favoring the trunk 
kidney over the liver seen in Baldwin and Newton’s study (1993), however, because fish in this 
experiment were infected by gastric intubation. The liver would be the first organ encountered as 
blood flows from the intestine. Blood flow also does not explain the continued favored 
persistence in the kidneys over the liver throughout both studies. Baldwin and Newton (1993) 
suggested the difference may be due to higher numbers of macrophages in the trunk kidney than 
in the liver. Other studies in fish have suggested that the head kidney and spleen may be 
important sites of antigen presentation to lymphoid cells (Vallejo et al. 1992), and phagocytic 
cells have been observed to form discrete aggregates situated in the vicinity of populations of 
lymphocytes in both the head kidney and the spleen. Macrophage aggregates, however, have also 
been observed in the liver.
A purA mutant strain of Salmonella dublin had reduced ability to colonize and invade 
the small intestine in mice after oral exposure compared to the wild-type (Sigwart et al. 1989). 
Only one mouse cultured positive on day 1 post-exposure from the liver, blood, and intestine, and 
none were positive after that. The pur A mutant strain off. ictaluri reported in this study had a 
much better ability to invade channel catfish by immersion exposure than the S. dublin purA 
mutant had to invade mice by oral exposure. The £  ictaluri purA mutant also colonized the gills 
much better than the S. dublin purA mutant colonized the mouse intestines, hi fact, the £  
ictaluri purA mutant colonized the channel catfish intestine following an immersion exposure just 
as well as the S. dublin purA mutant colonized the mouse intestines after an oral exposure. Why 
the S. dublin purA mutant was so poor at colonization and invasion is not known.
Salmonella typhimurium purA mutant strains injected IV in mice persisted at a level of 
about 10* cfu per organ in the liver and spleen until day 21 post-exposure (O'Callaghan et al.
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1988). They were then gradually cleared, but liver and spleen cultures were still positive for the 
mutant at 49 days post-exposure and were not negative until 70 days post-exposure. The reason 
for the relatively short persistence of the E  ictaluri purA mutant in channel catfish compared to 
the persistence of the S. typhimurium purA mutant in mice is not known. One possible 
explanation is the different routes of exposure used in the two studies. However, LSU-E2 
concentrations in the head and trunk kidneys at 24 hours following immersion exposure 
(approximately 104 cfu/g of tissue) were equivalent to concentrations of the S. typhimurium purA 
mutants in the liver and spleen at 24 hours following injection exposure. This indicates the lack 
of LSU-E2 persistence is not due to failure to achieve sufficient tissue concentrations. In 
addition, a preliminary study evaluating the persistence of LSU-E2 in the liver of channel catfish 
following IP injection indicated that it only persisted for 2 to 3 days by this route (unpublished 
results).
Therefore, the difference in persistence of £  ictaluri and S. typhimurium purA mutants 
is probably caused by either differences in host metabolism (adenine availability), differences in 
bacterial metabolism or compartmentalization, or a combination of these factors. No data has 
been published on the availability of adenine in fish, and much of the pathogenesis of E. ictaluri 
is not established. However, it is known that E. ictaluri can survive and replicate in channel 
catfish macrophages (Collins et al. 1994). If survival in the macrophage is critical to the 
pathogenesis of ESC, then a E. ictaluri purA mutant would likely be cleared quickly. Guanine 
auxotrophs of Yersinia pestis and purine auxotrophs of S. typhimurium were both shown to be 
incapable of survival inside host macrophages (Straley and Harmon 1984; Fields et al. 1986), and 
dependence on adenine should have the same effect on E. ictaluri'$ ability to survive in channel 
catfish macrophages. Survival in the macrophage was associated with virulence in S. 
typhimurium (Fields et al. 1986).
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Vaccine trial
The results of the vaccine trial indicate that immersion vaccination of previously 
unexposed channel catfish with a purA mutant strain oiE. ictaluri provides significant protection 
against experimental infection with wild-type E. ictaluri. Since immersion vaccination is a 
practical method of vaccinating channel catfish fiy and fingerlings before they are stocked in 
grow-out ponds, adenine auxotrophic LSU-E2 shows potential as a live attenuated vaccine for use 
by commercial producers. The reason for lower overall mortality in non-vaccinated fish during 
this study compared to percent mortality seen during the attenuation trial is not known. Possible 
explanations include the use of older fish during the vaccine trial and a longer acclimation period 
prior to wild-type experimental infection.
In previous studies using killed preparations, vaccination has yielded variable and 
equivocal results. A single dose of £  ictaluri LPS injected IP in channel catfish with Freund’s 
complete adjuvant provided significant protection against wild-type E  ictaluri challenge (20% 
mortality compared to 80% for control fish, corresponding to a RPS of 75) (Saeed and Plumb 
1986). Killed whole cells in Freund’s complete adjuvant provided significant protection in the 
same study (31.1% mortality compared to 66.7% mortality corresponding to a RPS of 53.4). 
However, Saeed and Plumb (1986) used a different route of exposure during the wild-type 
challenge (IP injection) and only counted mortalities up to 5 days post-exposure, so comparison 
of their results with the results reported here is probably not reliable.
Thune et al. (1993b) vaccinated 10-day-old channel catfish fiy with killed E. ictaluri 
bacterin by immersion and showed significant protection against immersion challenge with wild- 
type E. ictaluri several months later (31.7% mortality compared to 46.7% mortality for controls, 
corresponding to a RPS of 32.1). An oral booster with killed bacterin in feed improved protection 
in the same study (5.0% mortality in vaccinated fish corresponding to a RPS of 89.3). Plumb and 
Vinitnantharat (1993) also showed significant protection against wild-type immersion challenge 3
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months after channel catfish were vaccinated as 12-day-old firy by immersion (6.7% mortality' 
compared to 96.7% mortality for a RPS of 93.1). Again, an oral booster with killed bacterin in 
feed improved protection (3.3% mortality for a RPS of 96.6). However, both of these studies 
were conducted in ponds, so natural exposure to £. ictaluri occurred in both cases and may have 
served as an additional <cbooster”. In the study reported here SPF channel catfish were maintained 
under controlled laboratory conditions to prevent natural exposure to £  ictaluri prior to 
vaccination and challenge with wild-type strain, making this the first report showing significant 
protection of channel catfish by immersion vaccination under controlled conditions.
This study only evaluated the efficacy of a single immersion dose of LSU-E2 in 
providing protection. Use of multiple immersion exposures may improve efficacy of the vaccine 
candidate. In addition, results from Thune et al. (1993b) and Plumb and Vinitnantharat (1993) 
indicate that use of killed bacterin in feed as an oral booster after channel catfish have been 
stocked in grow-out ponds may also improve protection, especially if delivered prior to water 
temperature reaching the permissive 22-28 °C window.
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CONCLUSIONS 
Summary of Results
The Edwardsiella ictaluri purA gene was successfully cloned and sequenced. The gene 
sequence reported in this paper is one of the first reported from E. ictaluri, and the cloning 
techniques used show promise for isolating other genes from the species. The E. ictaluri purA 
gene is under the control of its own promoter and appears to be in a monocistronic operon. The 
gene also has a 16 base pair operator sequence upstream of the start codon that is similar to a 
consensus operator sequence in E. coli used to regulate expression of genes in the purine 
biosynthetic pathway. Several amino acids are conserved between the £  coli adenylosuccinate 
synthetase enzyme and the E. ictaluri purA protein product that are important in maintaining 
protein structure and binding GTP.
A conjugation system wras developed that allows the transfer of foreign DNA cloned in 
the suicide plasmid pGP704 from donor E. coli into £. ictaluri. A deletion/insertion mutation in 
the cloned £. ictaluri purA gene was constructed, and the mutated gene was subcloned into 
pGP704 for delivery into a wild-type £. ictaluri strain. Homologous recombination occurred 
efficiently and a double crossover mutant with the adenine auxotrophic phenotype was isolated. 
This mutant was designated LSU-E2, and it is one of the first reported defined mutant strains of 
£. ictaluri. LSU-E2 maintains the adenine auxotrophic phenotype stably in non-selective 
medium. PCR and DNA sequencing were used to confirm the genotype of the mutant.
LSU-E2 is highly attenuated in channel catfish compared to wild-type £. ictaluri by 
injection, immersion, and oral routes of delivery'. LSU-E2 caused no mortalities when it was 
given by either the immersion or the oral route, and by the injection route it had an LD50 that was 
greater than five logI0 higher than the LDS0 for wild-type E. ictaluri. Almost all of the mortalities 
that resulted from injection exposure to LSU-E2 occurred in the first 2 days or were the result of
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secondary bacterial infections. Mortalities from wild-type E. ictaluri occurred after a dose- 
dependent lag phase.
LSU-E2 is able to invade channel catfish and persist in the tissues for 48 hours. The gills 
were implicated as a more important route of entry than the intestine for both wild-type and LSU- 
E2 E. ictaluri. Both wild-type and LSU-E2 were distributed to internal organs by 2 hours post­
exposure, and the head kidney and trunk kidney maintained the highest concentrations of bacteria 
for both.
LSU-E2 was effective as a live attenuated vaccine when it was delivered to channel 
catfish by the immersion route of exposure. Vaccinated fish had significantly lower percent 
mortality (11.1%) than non-vaccinated fish (33.3%) when they were experimentally infected with 
wild-type E. ictaluri by immersion.
Future Work
Because of its high degree of attenuation, LSU-E2 shows potential not only as a vaccine 
candidate but also as a tool to be used in the identification of E. ictaluri virulence genes. A purA 
mutant strain of Salmonella typhimurium was used in the in vivo expression technology (TVET) 
system to identify virulence genes that are only expressed in vivo in response to host 
environmental signals (Mahan et al. 1993). This system could be adapted to channel catfish for 
the identification of virulence genes in E. ictaluri.
The data obtained from the tissue persistence study warrants further work to clarify the 
route of entry and the tissue distribution for wild-type E  ictaluri in channel catfish. Earlier 
sampling times and inclusion of brain tissue in the study would provide useful information. In 
addition, the oral route of exposure could be included.
Further work is needed to optimize timing of delivery and route of delivery of LSU-E2 to 
allow stimulation of the most effective immunity in channel catfish. The use and timing of 
booster vaccinations also needs to be investigated. Further work is needed to develop technology
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that would allow the delivery of live bacterial vaccines in channel catfish feed, or the use of killed 
bacterin as an oral booster to the live vaccine could be evaluated. Research that would allow the 
transfer of vaccine technology to the commercial producer is also needed
Finally, the immune response to both wild-type K  ictaluri and LSU-E2 needs to be 
better characterized, including the roles of both the antibody response and cell-mediated 
immunity
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BACTERIAL STRAINS AND VECTORS
Description
A (mcrA)183 A(mcrCB-hsdSMR-mrr)l 73 
endAl supE44 thi-1 recAl gyrA96 relAl 
lac [F proAB lacf*ZHM15 Tn10 (Tet*)]' 
&(ara-leu) araD &IacX74 galE galK  
phoA20 thi-1 rpsE rpoB argE (Am) recA 
Xpir phage lysogen 
Kmr, thi-1 thr leu tonA lacY supE 
recA: :RP4-2-Tc: M u Xpir phage lysogen
endAl hsdRl 7 (rKmK+) supE44 thi-1 
recAl gyrA (NaP) relAl tsQacTZYA-argF) 
A(mcrA)183 A(mcrCB-hsdSMR-mrr)l 73 
endAl thi-1 recAl gyrA96 relAl lac 
[F’ proAB lacPZAMIS Tn10 (Tetf)]c 
Su" (nonsuppressing) Xr (lambda resistant)
Wild-type E. ictaluri isolated in 1993 from 
moribund channel catfish from a natural 
outbreak of ESC on a commercial farm




bio red'/gam+, contains pBK-CMV phage- 
mid (Neor, a lacZ, ColEl, CMVP, lac?)
M13 phage derivative with amber mutations 
in genes I and II to prevent replication of 

























Apr, high copy number phagemid derived Stratagene
from pUC19 with modified ColEl ori,
alacZ under control of lac promoter with
M13mp polylinker inserted, also has fl(-)
origin
Apr, as for pBluescript SK(-) with 1104 This study
base pair E  ictaluripurA PCR product
inserted in EcoR V site of polylinker
Kmr, high copy number phagemid with Stratagene
modified ColEl ori, alacZ under control
of lac or CMV promoter with M13mp
polylinker inserted, also has fl(-) origin
Kmr, as for pBK-CMV with 5.6 kilobase This study
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segment of the K  ictaluri chromosome 
containing the pur A  gene inserted in 
BamH I site of polylinker 
Apr, as for pBluescript SK(~) with 3.5 
kilobase Not I fragment containing the 
K  ictaluri pur A  gene from the insert of 
pEI14 inserted to. Not I site of polylinker 
Apr Kmr, derivative of pBR322 (base pairs 
75 to 2353 deleted) with mini-Tn/OKm 
(Tn903 Kmr gene flanked by IS70 elements) 
under control otPtac promoter 
Apr Kmr, as for pEI15 with 598 base pair 
Nar I deletion in the £  ictaluri pur A  gene 
and 1.7 kilobase BamH. I segment o f TnP03 
inserted inNarl deletion site 
Apr, pBR322 derivative with R6K ori, 
mob RP4, polylinker from M13 tg l3 1
Apr Kmr, as for pGP704 with 4.6 kilobase 
Not I fragment containing modified 
& ictaluri pur A gene inserted in £coRV 
site of poly linker
Apr Kmr, as for pGP704 with 4250 base 
pair segment from pNK2859 containing 
mini-Tn/0Km under control of Ptac 
promoter inserted in EcoR I site of polylinker
This study
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APPENDIX B 
PRIMERS
Name Sequence* Locationf Purpose
purA  gene
PurAUl CAATGGGGYGACGAAGGWAAAGG 217-239(+) PCR, sequencing
PurALl GCCCGGCATNGTTTCGTA 1320-1303(~) PCR, sequencing
PurAU3 CTGGACAATGCACGTGAG 526-543(+) sequencing
PurAL3 TATCGAACAGCTCAGTCG 1042-1025(-) sequencing
PurAU4 TCCAACACGACCGCTGGT 910-927(+) sequencing
Pur ALA TGGAAGTTATGGTACTCC 701-684(-) sequencing
PurA+6 GAAGTCGATGTAACGCCG 1249-1266(+) sequencing
PurA-6 GCGTAC AAC ATACTT GGC 285-268(-) sequencing
PurAP 10 ACGGATGATCGCCACGAT upstream(+){ sequencing
PurAMIO AAGAACGGTGGATATCGC downstream(-){ sequencing
Pur AMI 1 TCCAGCACATCCAGCTTG 1196-1179(-) PCR, sequencing
Apr gene
PBRAmp+ AACTACGATACGGGAGGG 3382-3399(+) PCR
PBRAmp- TTGCTCACCCAGAAACGC 4091-4074(-) PCR
Kmr gene
903Kan+ CTCTTCCGACCATCAAGC 1400-1417(+) PCR
903Kan- GTCAGCGTAATGCTCTGC 2024-2007(-) PCR
Tn903M2 TCTGCAATGTAACATCAGAG 1094-1075(—) PCR
Vector sequence
T3 AATTAACCCTCACTAAAG 789-772 sequencing
T7 TAATACGACTCACTATAGGG 626-645 sequencing
*A11 primers except for T3 and T7 were synthesized by the Gene Probes and Expression Systems 
Laboratory (Department of Veterinary Microbiology and Parasitology, Louisiana State 
University, Baton Rouge, LA). Primers T3 and T7 were from United States Biochemical 
(Cleveland, OH).
{Locations of the pur A  gene primers are based on the K  ictaluri pur A gene sequence listed in 
Figure 13. Locations of the Apr gene primers are based on the pBR322 sequence listed in 
GenBank (accession number vOl 119). Locations of the Kmr gene primers are based on the 
Tn903 sequence listed in GenBank (accession number jO1839). Locations of the vector sequence 
primers are based on the pBluescript sequence listed in GenBank (accession number x52330). 
The symbol (+) designates plus strand primers and the symbol (-) designates minus strand 
primers.
{The PurAP 10 primer is located 12 base pairs upstream of the 5' end of the E. ictaluri purA gene 
sequence listed in Figure 13. The PurAMIO primer is located ten base pairs downstream of the 3' 
end of the E. ictaluri purA gene sequence listed in Figure 13.
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